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ABSTRACT
In the study of some thirty—two samples of sedimentary 
rocks, mainly carbonates, length changes were determined 
after cyclic treatment us Ing water and brines of different 
concentrations. The length measurements of the dry and 
saturated core-sampI es were recorded at room temperature 
and after thermal treatments. These were performed with a 
LVDT comparator, accurate to 0.5 micron.
The cumulative strain observed for the saturated rocks, 
at room temperature, was classified Into three categories. 
The strain of samples In two of the categories (expansive 
and osmosIs-sensItIve) Indicated the existence of an 
osmotic cell between salt-treated rock and bulk fresh water. 
The strain of the samples In the third category 
Cosmos Is— InactIve) was shown to be affected by the strain 
history, which encountered cooling stages between the 
measurements at room temperature.
The cooling strain of water-saturated rock cores was 
shown to be much larger than the cooling strain of dry rock 
cores oyer the same range of temperatures. The additional 
strain was attributed to capillary forces within the 
saturated rock cores. The magnitude of this strain was used 
to calculate the average capillary radius within the 
rock-sampI es under treatment. After salt treatment, the
- I -
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average capillary radius was reduced. This was attributed to 
thickening of the adsorbed layers of water within the 
cap I I IarI e s .
The relationships between the capillary radius defined 
by strain and some other rock characteristics were 
significant In the following ways. The size of the 
capillaries was shown to be Inversely related to the amount 
of acid Insoluble residue of the rock and to the amount of 
water adsorbed at 98% R.H. A direct relationship was shown 
to exist between crystal size and capillary radius.
The susceptibility of the rock to frost action, which 
was studied by means of the freeze-thaw test and the 
magnesium sulfate test, was found to be directly related to 
the amount of acid Insoluble residue of the rock and to the 
amount of water adsorbed at 98% R.H. Inverse relationships 
were shown to exist between the susceptibility of the rocks 
and the capillary radius as defined by strain.
The data provided by this experiment were found to be 
Insufficient to evaluate the actual freezing path of 
saturated rock samples along a temperature gradient.
—  I I  —
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1 INTRODUCTION 
1 . 1 SCOPE
Carbonate rocks are widely used as construction
materials: as dimension stones or as aggregate In pavements, 
dam abutments and concrete structures. Therefore, the
durability of these rocks is of major concern. Although
studied in the past, the mechanism of rock deterioration Is 
not yet fully understood.
Standard laboratory tests such as freeze-thaw or
magnes Ium-suI fate are currently used to predict rock 
performance. These are often Inaccurate measures of field 
durability. An understanding of the deterioration mechanism 
in rock Is essential for the development of reliable 
performance tests.
The sorption characteristics have been hypothesized
(Dunn and Hudec, 1966; Hudec and SI t a r , 1976) as major
contributors to the rock breakdown. Water held In pores was
considered to affect dimensional changes and changes In the 
Internal rock pressure (RIgbey, 1980; Hudec, 19 8 0 a , 1980b).
The dimensional changes occurred as a result of temperature 
variation during freezing and thawing of the rocks and 
variation of water content and salinity during Isothermal 
wetting and drying. The activating forces were attributed
to the development of Internal stress during surface
- 1 -
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adsorption of water from vapours or liquid, and capillary 
condensation, filling and emptying during the cycles of 
wetting and drying.
This study was performed In an attempt to further the 
understanding of the deterioration mechanism of rocks. 
Experiments were designed to Investigate the dimensional 
changes of some sedimentary rocks, mainly carbonates, upon 
saturation at different temperatures and under different 
concentrations of NaCI solutions. For the most part, samples 
of various rock types were collected from active quarries 
from southern Ontario. A LVDT (linear variable differential 
transformer) comparator was used to measure dimensional 
changes of rock-core samples. Rock characteristics were 
studied after standard sorption and soundness testing and by 
chemical and pétrographie analyses.
1 .2 FORCES WITHIN POROUS MATER IALS
1.2.1 SURFACE FORCES
AI I surface phenomena are caused by forces of 
attraction and repulsion at the molecular and submoI ecu Iar 
scale. In the Interior of the body, attractive forces
between molecules, atoms, and Ions are balanced (in
equilibrium state); the net attractive force Is equal In all 
directions. At the surface, however, molecules are only
- 2-
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attracted towards the Interior of the body. The attractive 
forces between adjacent molecules are unbalanced, resulting 
In a net attraction Into the bulk phase In a direction 
normal to the surface. The unbalanced attraction experienced 
by the surface molecules leads to the creation of a liquid 
bubble (Barrow, 1973).
The free energy (capacity to do work) due to this 
attraction Is called surface tension. It Is defined as the 
work required to expand a surface by a unit area In 
opposition to attractive forces. Surface tension phenomena 
can be detected both In solids and liquids, although It Is 
more difficult to measure In the former phase.
Both the unequal molecular attraction at the surface 
and the presence of broken or unsatisfied molecular bonds 
give rise to the surface energy (Morrison, 1977). Owing to 
the Imperfections and atomic substitution In their crystal 
lattices, clays have particularly high surface charges.
1.2.2 ADSORPTION
The surface forces enhance adsorption of dipolar and 
Ionic molecules to the solid surface. This adsorption will 
continue until the free surface energy of the system (due to 
Imbalance of the surface forces) reaches a minimum. The 
water molecule, being a dipolar molecule, will be adsorbed 
even from vapours to the surface of the rock.
-3-
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Based on the characteristics of clay-water system Dunn 
and Hudec (1966) have stated that negative charges on a rock 
surface will have a strong ordering effect on the highly 
polar water molecules which are adsorbed to the surface. 
The hydrogen side of the water molecule will tend to attach 
strong I y to a clay surface, apparently with a force that 
may be stronger than the bonding of Ice. The authors 
determined that the adsorbed film of water Is non-freezabIe, 
has low vapor pressure and low entropy - so low. In fact, 
that heat would have to be added before ice could be formed 
from this water. They also suggested that the adsorbed water 
should have high shear strength, be rigid, and be capable of 
exerting force. Further, Winkler (1973) has Indicated that 
the ordered water Is much more dense and 20 times more 
viscous than ordinary water.
Since the adsorbed film of water Is unfreezabIe. It 
provides upon freezing a continuous pathway for the movement 
of exchangeable cations and other Ionic charge carriers. 
(Anderson In RIgbey, 1980.)
-4-
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1.2.3 CAP ILLARITY
1.2.3.1 POROSITY OF ROCKS
The porosity of rocks In general Is defined as that 
percentage of pore space In the total volume of the rock, 
that Is, the space not occupied by the solid mineral matter. 
Pore space which Is Interconnected and accessible to the 
exterior of the porous body Is defined as effective 
pores Ity.
Unlike crystalline rocks In which porosity Is very low 
(O to 5%), that of clastic sediments Is moderate to high (20 
to 50%; Freeze and Cherry, 1979). This porosity Is 
attributed to the fact that clastic components cannot, at 
the time of deposition, be In continuous contact with one 
another ; they are. Instead, In tangential contact only 
(Petti John, 1975).
Most sedimentary carbonate rocks, other than reservoir 
rocks, have very little porosity (Petti John, 1975). These 
sediments, as deposited may have had large porosity like 
clastic sediments. This, however, could have been greatly 
reduced or eliminated by post-deposItIonaI processes, 
although some porosity types may have been formed by the 
post-deposItIonaI processes of dissolution or fracturing. 
The basic types of porosity systems In carbonate rocks are 
categorized, with emphasis on their genetic aspects. Into 
two classes (Choquette and Pray, 1970, In Petti John, 1975).
-5-
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The first class combines the types which relate to the 
fabric or texture of the rock, while the porosity types In 
the second class are Independent of these characteristics.
Ward I aw (1976) has described the dimensional geometry 
of pores and pore connections or throats In a selected group 
of carbonate rocks. He used the term pore loosely to 
describe any space In a rock, but where It was necessary to 
recognize local enlargements In a pore system which were 
linked by smaller connection spaces, he referred to these as 
pore connections or throats. The use of the term throats did 
not Imply any particular shape, although he observed that 
pore connections In carbonate rocks were sheet-1 Ike rather 
than tubular.
When liquid Is Introduced to the porous rock the 
hydrodynamic Interrelationship between the liquid and the 
pore walls will largely depend on the surface 
characteristics of the rock, the size of the pore and, of 
course, whether It Is part of the effective porosity. For 
this purpose, the pore spaces can be divided Into voids, 
capillaries, and force spaces (ScheIdegger, 1960). Voids are 
characterized by walls that have only an Insignificant 
effect upon hydrodynamic phenomena In the Interior. These 
can be considered as pores within which the smallest 
diameter Is larger than IE-2 cm (Dunn and Hudec, 1966). In 
capillaries, the walls have a significant effect upon 
hydrodynamic phenomena but do not greatly Influence the 
molecular structure of the fluid. These can be considered as
—6—
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the throats or any pores with openings larger than IE-7 cm 
and smaller than IE—2 cm (Winkler, 1973). In force spaces, 
the molecular structure of the fluid Is altered and water 
will become ordered.
1 .2.3.2 THEORY OF CAP ILLARITY
Because of the forces acting between the liquid 
molecules and the solid surface with which they are In 
contact, the gas-I I quid Interface In a smaI I-dIameter tube 
Is always curved. The curved surface Is defined as a 
meniscus. If the liquid has a strong attraction for the 
so I Id, that Is, If It wets the so I Id, the meniscus wlI I be 
concave-upwards. The meniscus will be convex-upward If the 
opposite Is true.
Water Is a wetting fluid for most substances Including 
those that make up the rock. If the lower end of a 
smaI I-dIameter tube Is dipped Into water, the surface of the 
water In the tube will be curved upward and will rise some 
distance above the flat surface of the bulk water. Owing to 
the surface tension of water In the tube, the water column 
will be under tension equivalent to the weight of the column 
of w a t e r .
The height to which liquid will rise In the tube 
depends on the radius of the tube, the surface tension of 
the I I quid, and the angle of contact between the wal Is of
-7-
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the tube and the curved meniscus. The angle will depend on
the wettability of the surface of the solid by the water.
The wettability Is In turn a function of the purity of the 
water, and the smoothness and chemical composition of the 
walls In the tube. The capillary rise Is essentially a 
function of the Interfacial free energy between the solid 
and the I IquId.
The hydrostatic tension of the water In the tube can be 
expressed by the following equation (Barrow, 1973);
Pc = h g d = 2 St cos( Wa)/ r (Eq. 1.1)
where :
Pc - capillary tension. Pa
h = height of water column, m
g - acceleration due to gravity, m/sec sq 
d = density of water, ton/m cub
St = surface tension, N/m
Wa « angle between the water surface (facing the
gas side) and the surface of the wall,
r = radius of the capillary tube, m
The capillary theory Is an Idealized concept
applicable to smooth circular glass capillary tubes. 
Considerations such as the geometry of the tube, the 
smoothness and the nature of the walIs of the tube have to
be taken Into account when applying capillary theory to
porous media. The rock surface making up the walls of the
“ 8“
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capillary was shown to be a highly adsorptive surface (Dunn 
and Hudec, 1965). As will be seen In the following section, 
the surface Is already covered by a layer of adsorbed water 
molecules. Thus, the capillary radius Is effectively 
reduced, especially In the smaller capillaries (radius
o
smaller than 100 Angstroms). Also, the surface of the 
cap I I lary Is no longer that of the rock, but of the adsorbed 
w a t e r .
The adsorbed water creates a hydraulic surface where 
the contact angle between the water surface and the solid 
surface Is almost 180 degrees. The adsorbed water also 
tends to smooth out the surface, approach Ing the Ideal 
conditions of glass capillaries.
1 .2.3.3 CAP ILLARY CONDENSAT ION AND F ILLING
The Introduction of water vapour to a dry porous medium 
Initially causes the formation of an adsorbed film of water 
on the Interior pore surface. For an unconsol I dated 
material, the adsorption continues with the Increase of 
relative humidity (RIgbey, 1980). In the case of rocks, the 
water fI Im would bul Id up along the sides of the smaI lest 
capillaries until the capillaries are bridged. At this 
point, a meniscus Is formed, the buI Id—up of the water film 
ceases, and the capillary condensation begins.
-9-
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Dunn and Hudec (1965) reported that under conditions of 
less then 45% R . H . , the water held In rock specimens was
proportional to Its Internal surface area and was thus
assumed to be totally adsorbed (that Is mo I ecu lari y held
water). Under higher R.H. conditions, adsorbed water was 
considered by the authors to fill capillaries and exist 
under men I sc I.
The minimum relative vapour pressure at which the 
liquid In the capillary can retain Its meniscus depends on
the maximum possible curvature of the meniscus. The
curvature Is In turn governed by the radius of the 
capillary. The relationship between surface curvature and 
vapour pressure was worked out by Lord Kelvin (as cited by 
Dunn and Hudec, 1965). It can be written;
Ln(P/PO) - 2 S t M / d R T r  (Eq. 1.2)
Where;
P « pressure over a concave surface (meniscus)
PO «■ vapor pressure over plane surface at
temperature T, the saturated vapour pressure 
St = surface tension of the liquid at temperature T 
M  = molecular weight of the liquid 
d = density of the liquid at temperature T 
R = the gas constant 
T = absolute temperature
r - radius of curvature of the circular meniscus 
or radius of the capillary
- 10 -
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This equation shows that even under very low vapour 
pressure, smaller capillaries may be filled by condensation. 
At P/PO of 0.60 and 30° C, capillaries of 1.8E-7 cm radius 
will become filled; at P/PO of 0.99, capillaries of 9 . IE-5 
cm will become fI I Ied (Hu d e c , 1977).
1.2.3.4 ABSORPTION
The water taken up by the rock and other porous media 
when Immersed In water Is called water of absorption. 
Kleczor (1985) has shown that the amount of water absorbed 
In rocks upon Immersion was equal to the amount of water 
that entered the rock by cap I I Iary-rI se action. Therefore, 
a I I the absorbed water can be considered as cap I Ilary water 
and the size of the capillary determines whether the 
cap I I lary will be fI I led by cap I I lary condensation or 
capillary suction.
The water absorbed In rock when Immersed may not fill 
all the available pores. The proportion of the filled pores 
Is expressed as the degree of saturation of the rock. The 
degree of saturation at any given time Is governed by the 
continuity and size of the pores, and the distribution of 
pore sizes In a rock. As shown before, capillaries with a 
diameter of less than about IE-5 cm can be filled by vapour 
a I one ; the remainder will be filled by cap I I Iary-rI se 
action. The capillary force In openings smaller then IE-2 cm
- 1 1 -
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Is sufficient to fill the average sized aggregate (passing 
19 mm and retaining on 15.9 mm sized sieves) If unopposed; 
that Is, If the other end of the capillary remains open. If, 
however, one end of the capillary Is closed, the liquid will 
rise until air pressure Inside the capillary balances the 
capillary pressure. The capillary thus becomes only 
partially filled. The blocking of one end of a capillary may 
be a property of the porous solid, or may be affected by 
placing the porous material Into water thus filling both 
ends of the capillary simultaneously.
1.3 DETERIORATION MECHANISMS
1.3.1 FROST IN POROUS MATER IALS
1.3.1.1 FROST ACTION IN A CEMENT PASTE
The phase transition of water upon freezing Is
accompanied by about 9% volume expansion. If a closed vessel 
Is more than 91.7% full of water. It will be stressed when 
the water freezes, perhaps to failure. On this basis, 
porous materials are assumed to have a critical saturation
point, beyond which the porous material will fall upon
freezIng.
- 1 2 -
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Powers (1945, In Powers, 1975) pointed out that 
concrete Is not a closed vessel and It always contains 
enough a Ir-fI I Ied space to accommodate the Increase In water 
volume caused by freezing. He suggested that the phase 
transition between water and Ice would displace water away 
from the freezing zone. Resistance to this flow through the 
capillaries would result In disruptive pressure. He also 
stated that unequal saturation could explain why some cement 
pastes exhibit critical saturation below 90%.
Powers and Helmuth (1953, In Powers, 1975) observed a 
continuous dilation of a saturated cement paste while 
temperature was held constant after freezing. They proposed 
that this effect could be attributed to the movement of 
unfrozen water to freezing sites. Initial Ice production In 
cavities would produce a relatively concentrated solution 
of alkalies and unfrozen water would migrate towards the 
cavities by an osmotic process.
Beaudoin and Mac Inn Is (1974), working with benzene 
saturated cement paste, observed that upon cooling, 
expansion was still noted even though the specific volume of 
benzene decreases on freezing. Therefore, the sign of the 
spec IfIc-voIume change upon freezing of the contained 
liquid, be It positive or negative, does not necessarily 
account for the observed dilation.
LItvan (1970, In LItvan, 1980) proposed a different 
mechanism for frost action based on the same principle of 
the migration of water and on the tendency of water to
—  13  —
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supercool before freezing In porous materials. The vapour 
pressure of supercooled water Is greater than the vapour
pressure of Ice at temperatures lower than 0° C; the
difference Increases with decreasing temperature. Thus, upon 
cool Ing, the supercooled water In pores will not be In
equilibrium and will be desorbed and expelled by the pores 
to reduce vapour pressure. The water will then either freeze 
In a nearby cavity or migrate to the outside of the body and 
freeze there. The cement paste will desiccate as smaller 
pores empty upon further temperature reduction and 
desiccation cracks will be produced. This theory explained 
LItvan's experimental results showing that the expulsion of 
water In critically saturated samples was much greater than 
the expected 9% (by volume) as predicted by Powers' theory.
LItvan further hypothesized that the expelled water due 
to the desiccation of the cement paste would Invariably 
migrate to cracks and other areas of weakness In the porous 
structure. Ice formation at these locations would lead to 
further propagation of the structural weakness (LItvan, 
1980).
1.3.1.2 FROST ACTION IN ROCK AGGREGATE
Powers (1955), recognized three properties of rock 
aggregate that affected their durability: the size of the
aggregate, the volume and continuity of the pore system In
-14-
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the rock, and the degree of saturation attained by the rock 
after absorption. The latter two were discussed In the 
preceding sections. The critical size concept or the 
critical size limit below which the rock would not fall upon 
freezing, was formulated by Verbec and Landgren (1960). For 
simplicity In calculation they have assumed that the 
propagation of freezing and the expulsion of water from the 
rock are unidirectional. The maximum hydraulic pressure 
which would be developed In a saturated rock aggregate 
during the freezing process was estimated using Darcy's law 
as :
Pmax » (0.09 dW/dT L)/ K (Eq 1.3)
W h e r e :
Pmax = maximum pressure. Pa
0.09 - volume change factor of water to Ice
dW/dT ■ rate of freezing (aggregate porosity X rate of 
linear propagation of freezing zone), m/sec 
L - dimension of the aggregate In direction 
of freezing and expulsion of water, m 
K ■ permeability coefficient of aggregate, m/sec 
Since Pmax should not exceed the tens IonaI strength of the 
rock, the equation can be rewritten to estimate the maximum 
permissible or critical size of the aggregate as follows: 
Lmax - K Ts /(0.09 dW/dT) (Eq 1.4)
where :
Lmax - critical size, m 
Ts = tens Iona I strength of the aggregate. Pa.
—  1 5 —
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The authors have shown that for a freezing rate of 
1 .06E-5 m/sec (a rate which approximates freezing rates 
encountered In natural exposure and some laboratory freezing 
tests) chert-type aggregate of moderate absorption but of 
low permeability will have a calculated critical size of 
1.28 cm. However, aggregate of high porosity would have a 
very large critical size (In meters) If they also have high 
permeability. A saturated aggregate of this type should not 
fall by the development of high Internal hydraulic pressure 
when un IdIrectIonaI I y frozen at the prescribed rate, 
provided the aggregate Is unconfIned and the excess volume 
of water created during the freezing can be expelled.
Powers (1975) also considered the above hydraulic 
pressure hypothesis to be applicable to rock aggregate 
because he observed expulsion of water from saturated rock 
aggregate on freezing. He also stated that secondary 
effects, due to the diffusion of unfrozen water to the Ice 
In the pores, are probably present but not ordinarily 
observed.
Dunn and Hudec (1968) proposed quite a different 
mechanism of frost action based on their experiment which 
Involved measurements of heat flow from saturated carbonate 
rocks upon freezing. They observed that the least sound 
rocks had the most unfreezabIe water. Indicating that the 
adsorption characteristics of the rock were the major 
parameters In rock durability rather than the absorption 
characteristics. The mechanism of frost action was
-16-
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attributed to the expansion of the ordered water which was 
adsorbed to the surface of clay minerals. The authors 
suggested that because of the great rigidity of the adsorbed 
film of water, the magnitude of the expansive forces would 
be sufficient to disrupt the rocks. They have also pointed 
out that the texture of the argillaceous do Iostones can 
be used as an Indicator for frost susceptibility; since 
the formation of the secondary dolomite by the 
do Iom111zatI on process tends to reject the clay particles 
away from the forming crystal, thereby creating a continuous 
network of clay minerals.
Hudec (1977) states that the Internal surface area, 
not the amount of water freezing, determines the 
susceptibility of the rock. His experiments Indicated a 
direct relationship between the loss on the freeze and thaw 
test and the amount of adsorbed water at 98% R.H. An Inverse 
relation was seen between freeze-thaw losses and the ratio 
of absorbed/adsorbed water ; that Is, less durable rocks had 
more smaI I-cap I Ilary water.
If the Internal surface area does determine the 
weathering of the rock, then Its mineralogy, especially clay 
content, would be of Importance. Rogers (1977) has shown 
that clay content, as estimated by the alumina content, 
controls the amount of water adsorbed. Both the amount of 
water adsorbed and the clay content were proportional to 
the loss after soundness tests. This seems to be consistent 
with the work of Harvey elt aj_. , (1974) who reported that
—  1 7 —
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loss on soundness testing In clayey limestone was In the 
order of twice the loss In pure limestone. They have 
observed , however, that for cI ay-free rocks, soundness loss 
Increased with absorption. Therefore, they have concluded 
that presence of clay minerals and absorption are additive 
In their effect on soundness.
1.3.1.3 THE EFFECT OF AGGREGATE ON THE FROST BEHAVIOUR OF CONCRETE
The concept of critical size of aggregate becomes very 
Important when an aggregate undergoes freezing while 
confined In concrete. During freezing, more water per unit 
surface area has to be expelled from a large aggregate 
particle relative to a small one. Failure can occur near a 
cement aggregate boundary If the cement paste cannot 
accommodate the Influx of pore water. It has been observed 
that concrete made using a reduced maximum size of aggregate 
Is more durable than concrete made using larger aggregate 
size, (Verbec and Landgren, 1960; P o w e r s , 1975) thus 
supporting the crIt lea I-size hypothesis.
Aggregate embedded In cement also affects the 
expans I on/contract I on of the aggregate-cement system. 
Beaudoin (1970) showed that for the same porosity of the 
paste, the presence of rock aggregate reduced the dilation
- 1 8 -
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of concrete on freezing from that shown by the cement paste. 
This was presumed to be caused by an aggregate restraint 
m e chanIsm.
The rate of aggregate saturation seems to have an 
Impact on the durability of the concrete. Verbec and 
Landgren (1960), have shown that Iow-permeabI I Ity aggregate 
approached critical saturation much faster than 
hIgh-permeabI I Ity aggregate. A large thickness of Iow- 
permeab I I Ity cement paste can limit the penetration of water 
to the aggregate, thereby reducing the susceptibility of the 
concrete made with hIgh-permeabI I Ity aggregate during the 
wettIng-and-freezIng season. However, It should be noted 
that once the aggregate Is critically saturated a Iow- 
permeab I I Ity cement paste will be a contributing factor to 
deterioration by frost action, since the cement paste will 
not accommodate the Influx of the expelled water during 
freezing. This factor may be critical In areas like Ontario 
were freezing occurs In the winter and the rest of the 
seasons are wet.
It becomes apparent that the quality of the aggregate 
dictates the concrete durability. Characteristics of the 
cement paste can be controlled by production techniques such 
as, a Ir-entraInment to reduce hydraulic pressure, and 
lowering the water:cement ratio to reduce the permeability 
of the cement. Aggregate characteristics cannot be 
controlled yet by existing production methods.
- 1 9 -
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1.3.2 THE EFFECT OF DEICER SALT ON POROUS MATERIALS
1.3.2.1 INTRODUCTION
De Icing salts, of which sodium chloride Is the most 
common, are In wide use as Ice-controI agents on the roads. 
The relationship between the salt usage and the
deter IoratI on of the road surface has been noted since road 
salting began. Aggregate pop-outs, surface scaling,
efflorescence coating and exposure of corroded 
reinforcement bars In concrete structures are among the 
phenomena associated with salt weathering. Unfortunately, In 
spite of the Inevitable deterioration the use of these 
de leers Is not expected to be reduced mainly because of
their low cost. Therefore, comprehension of the 
deterioration mechanism Is necessary In order to develop 
preventive methods which can be used to reduce deterioration 
of susceptible structures and roads.
1-3.2.2 HYDRATION OF DEICER SALTS
The de leer salts are hygroscopic materials; that Is, 
the vapour pressure over the crystalline form of the salt Is 
lower than that of the water. Because of this property, salt
- 20-
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will tend to adsorb water from vapour. If the amount of 
water Is sufficient the salt will dissolve and the cations 
will be hydrated.
The hydration, which Is essentially a bond between the 
cation and the dipolar water molecules surrounding It, Is 
strong I y dependent on the radius, charge and concentration 
of the cations. Some monovalent cations such as K, Rb, and 
Cs do not become hydrated as their generated field Is too 
weak to take up water molecules. The single positive charge 
Is dissipated over a large Ionic surface area, resulting In 
a low Ionic potential for these cations.
The energy of hydration Is also dependent on the radius 
and charge of the cation In question. In the alkali Ions, 
there Is a decreasing hydration with Increasing Ionic 
radius. The hydratabI I Ity of these cations will Increase In 
the order (Grimshaw, 1971):
LI > Na > K > Rb > Cs 
This means that of the monovalent cations listed above, 
lithium hydrates most strong I y . Polyvalent cations (such as 
Ca, A I , Fe, etc.) hydrate more strong I y than monovalent 
cations. Thus hydration Is partially dependent on the Ionic 
potential of the cation. Cations with high hydration 
energies hydrate at lower humidities than those with lower 
hydration energies.
The hydrated radius of the cations Is larger than the 
Ionic radius. The development of osmotic pressure within 
argillaceous do Iostones which were used as aggregate In
—21 —
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alkaline cement paste, was considered to be triggered by the 
hydrated size of the dissolved Ions (Pagano and Cady, 1982). 
With a high pH of pore fluid and the presence of alkalies a 
dedoIom111zatI on process takes place In these rocks. By this 
process caIcIum-carbonate precipitates and Ions of carbonate 
and magnesium become hydrated. The hydrated size of these 
Ions Is considered to be larger than the pore size 
surrounding the dolomite crystals. Osmotic swell pressure 
will then be developed as the lower I on concentration In the 
pore fluid of the cement paste seeks to dilute the high 
I on concentration In the vicinity of the decomposed dolomite 
crystaI.
1.3.2.3 TRANSPORT OF SALT
There are two mechanisms which transport dissolved 
substances In water : advectI on (bodily movement of the
solution), and diffusion. While the first requires dynamic 
flow of the bulk water, the second mechanism Is relatively 
static and the solute migrates from areas of high 
concentration to areas of low concentration. In the case of 
rocks and concrete, the transport of dissolved substances 
would be dependent on the saturation state of the materials 
and the hydraulic connection of the pore system. A diffusion 
mechanism would be more effective upon complete saturation. 
If the porous material Is d r y , upon contact with brine, the
- 22-
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dissolved Ions will be carried with the solution Into the
pores by the cap I I Iary-rI se action. The efficiency of the
advectI on can be observed upon drying brine-saturated rocks
(and concrete) samples which often results In an 
efflorescence coating on the surface.
Based on the distribution of delcer In concrete, Browne 
and Cady (1975) have concluded that the penetration of salt 
Into the concrete samples In a dIffus I on-1 Ike mechanism can 
only be done by very concentrated solutions. With low 
concentrations of delcer (3 to 6%) the distribution of the 
salt Is dependent on the efficiency of the capillary system.
1.3.2.4 THE EFFECT OF SALT ON CONCRETE AND CEMENT PASTE
As early as 1957 (In Rogers, 1977), Verbec and Kllger 
found that a solution made with 3% de Icing agent produced a 
greater deterioration of concrete than either lower or 
higher concentrations, regardless of the type of delcer used 
(NaCI, CaClg , urea and ethyl alcohol). This has been 
confirmed by later studies (Whiting, 1974, Browne and Cady, 
1975, LItvan 1975). Whiting (1974) has observed that dry 
concrete samples treated with sodium chloride tended to 
adsorb more water than untreated samples and that the amount 
of adsorbate was Increased proportionally to the salt 
concentration under each treatment. Both Whiting and LItvan 
(1975) have noticed that the maximum dilation of samples was
-23-
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obtained at low concentration (3 to 5%) of delcer. These 
relationships held with varying W/C ratio both for normal 
and a Ir-entraIned cement paste.
The action of the delcer was attributed by LItvan
(1975) and others (Harnick et , 1980), to the Increase of 
the degree of saturation of the treated concrete because of 
the hygroscopIcaI nature of the salts and their solutions.
Harnick et aj_. , (1980), have also suggested some
alternative mechanisms. As a rule, absorbed water tends to 
supercool beyond the freezing point of bulk water. Since the 
delcer reduces the freezing point, the supercooling will be 
enhanced and when freezing finally occurs, the destructive 
effect of the phase transition will be greater. A second 
mechanism discussed by these authors was attributed to an 
uneven salt distribution within the concrete which 
encourages Iayer—by-Iayer freezing of the contained water. 
Browne and Cady (1975), however, have observed that an
uneven distribution of the delcer can only occur with a high 
concentration of delcer. Since most of the damage occurs 
with low concentrations, this type of mechanism can only be 
considered as minor.
Harnick et aj^ . , (1980) have also suggested a
temperature shock during thawing as a possibility for
deterioration. Since the salt Is being excluded from the Ice 
upon freezing, the dissolution of the salt during thawing 
will extract heat from the concrete, thereby causing a
—24—
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cooling shock at sites In the vicinity of the exterior 
surface. Thus, temperature gradients develop which can cause 
tensile stresses of short duration.
Severe deterioration will eventually expose the 
reinforcement bars of concrete structure to the atmosphere. 
In the presence of chlorides (especially of calcium 
chloride), aggressive corrosion of the reinforcement will 
take place and total destruction of the structure would be 
expected.
1.3.2.5 THE EFFECT OF DEICER SALTS ON ROCK AGGREGATE
With the abundance of clay minerals In rocks. It Is 
common I y assumed that these minerals will dictate the 
behavior of the rocks when Introduced to salt. This would be 
strong I y dependent on the type of clay minerals contained 
within the rock medium.
Shayan and Ritchie (1985) have observed expansion of 
some basalts and sedimentary rocks upon treatment with NaCI. 
They have attributed this expansion to the presence of 
active clay minerals, mainly montmorI I I on I t e , since the 
expansion was seen to be reduced upon treatment with KCI. 
However, the predominant type of clay mineral In Paleozoic 
carbonate rocks of North America Is I I I I te which Is a 
non— swelling clay (Dunn and Hudec, 1966; Petti John, 1975). 
Hence, Rogers (1977) has observed that the adsorption at
—25—
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45% R.H., for rocks of this type, was proportional to the
amount of clays present. However, after salt treatment the 
adsorption was Increased proportionally to the hygroscopic 
nature of the salts LICI, MgCI2  and CaCl2  , where the order 
of the Increased adsorption observed was LI < Mg < Ca. 
Therefore, he has concluded that salt wI I I affect the pore 
characteristics of the bulk rock and not only the surface of 
the clay minerals present. Because of this effect, the 
sorption characteristics of the rocks will be changed. This 
seems to be consistent with the work of Hudec and RIgbey
(1976) who have observed that salt-treated samples relative 
to untreated samples tended to adsorb more water at high 
R.H. while at 45% R.H. only a slight Increase In adsorption 
was observed. The frost susceptibility upon salt treatment 
was related by Hudec and RIgbey to an Increase In the degree 
of saturation which Is accompanied by expansion of the rock.
The contribution of salt to rock weathering does not 
necessarily Involve frost action. Winkler (1973) has 
suggested that the erosion of rocks In arid and semi-arid 
zones Is attributed to the salt weathering process. He has 
considered that the hydration of salt which Involves volume 
Increase Is sufficient to produce stresses large enough to 
exceed the tensile strength of the rock. Hudec (1973), 
however, has observed that the deterioration of some desert 
rocks was similar to the weathering of frost sensitive rocks
—26—
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In arctic terrains. He has suggested that the weathering 
mechanism Is similar and dependent on the surface area of 
the rocks and the surface forces acting within It.
It should be noted that none of the above authors 
referred to the amount of salt or concentration of saline 
solution required to produce maximum damage. Hudec (1986, 
pers. comm.) has suggested that, as In concrete, the lower 
concentrations (3 to 5% by weight) are the most harmful 
ones, enhancing the deterioration of rock aggregate In the 
presence of salts.
1.3.3 ISOTHERMAL EFFECT OF ADSORBED WATER
The Importance of pore water as a weathering agent has 
been studied and documented for many years. VutukurI 
(1974), and Lama and VutukurI (1978) have observed that the 
tensile strength of rocks decreases as the surface tension 
of the adsorbate Increases. With greater surface tension of 
saturating liquid, the cohesion between the particles making 
up the solid decreased. Strength reductions up to 26% were 
observed by changing the saturating solution.
Dunn and Hudec (1966) suggested a rock classification 
system based on soundness as explained by their ordered 
water hypothesis. Rocks were classified as :
- Sound — not critically saturated.
- Frost-sensItIve - critically saturated where the
-27-
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water was In freezable state.
- Sorptlon-sensItIve - critically saturated where
greater than 40% of the 
contained water was adsorbed 
and non-freezabIe.
According to the authors, the mechanism of breakdown In a 
sorptIon-sensItIve rock would always be present under 
natural conditions. This was based on the premise that an 
adsorbed water layer exerts substantial pressure on the pore 
walls of the rock. Thus, change In the adsorbed layer from 
either thermal or Isothermal causes generates destructive
pressures In rock. Using this classification, Hudec and 
SI tar (1975) have demonstrated that sorptIon-sens111ve 
samples expanded upon Immersion in fresh water. The 
magnitude of expansion was equivalent to the thermal 
expansion of rocks over tens of degrees cent I grade under 
dry conditions. Desorption of this water would result In
equivalent contraction. If the sensitive rocks were
subjected to continuous cycles of wetting and drying a 
deterioration would be expected.
RIgbey (1980) has examined the expansion of carbonate 
rocks upon wetting. On the basis of his observations, he has 
suggested that the adsorption of water under 45% R.H. 
reduces the surface tension of the so I Id and si Ight
expansion would be expected. Under higher R.H., the 
capillaries are bridged by the formation of menisci thereby 
applying tension on the capillary walls, which leads to
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contraction. He further suggested that upon complete 
saturation the capillary tension Is dissipated, thereby 
causing Incremental expansion equivalent to the contraction. 
Vos and Moddle (1976, In RIgbey, 1980) have considered that 
air entrapped In the pore system will be compressed after 
capillary filling and would be capable of exerting a 
momentary pressure. To explain the expansion of saturated 
rocks beyond the original dry dimension, RIgbey suggested 
that the adsorbed film of water would provide a barrier for 
the dissolution of the compressed air. By this the 
duration of the force exerted by the compressed air will be 
extended. Expansion of this type would be more prominent In 
fine grained rock If there Is a proportional reduction In 
the average pore size.
1.3.4 THE EFFECT AND NATURE OF CAPILLARY FORCES 
IN SATURATED ROCKS.
In the section on capillarity, an equation (Eq. 1.1) 
was given to determine the capillary tension for a given 
capillary size. Dunn and Hudec (1965) have stated that the 
hydrostatic tension that can be developed In capillaries 
would be sufficient to disrupt the rock. They have described 
the nature of the forces that may be developed by the 
capillary tension (see Figure 1.1). Consider a point 'O' 
within the capillary filled with water. The surface tension 
at meniscus 'Y' will pull point O toward It, while the
—23“
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surface tension at meniscus ‘X* will pull It In that 
direction; as a result point O remains stationary but under 
tension equivalent to the capillary tension. Since O is 
under tension, the walls of the capillary will also be under 
tension equivalent to the tension at O, and will tend to 
draw together. The capillary tension Is a function of the
Y
Î
C
1
*.
♦-
Figure 1.1: Illustration of capillary tension (after
Dunn and Hudec, 1965).
curvature of the meniscus and therefore a function of the 
size of the pore. The smaller the pore, the greater the 
tension.
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The contraction of rocks during pore filling was 
attributed to the formation of curved menisci In capillaries 
which resulted In tension (Hudec and SI t a r , 1976; RIgbey
1980; Hudec 1980a). This tension relaxes as soon as the 
capillaries become completely filled. If the saturated rock 
Is separated from the bulk solution and surface-dried at 
room temperature, the tensile stresses will rise again as 
the rock dries and curved menisci begin to form In the 
capillaries. Dunn and Hudec (1965) have stated that drying 
Is Influenced by the evaporation of water from the surface 
of the menisci under conditions of reduced humidity. They 
Indicated that this evaporation Is slow and even reaches a 
minimum under freezing conditions. Therefore, capillary 
tension as a disruptive mechanism seems to be operative at 
higher temperatures (20 to 100°C).
It becomes apparent that sorptIon-sensItIve rocks 
(containing more smaI I-cap I I Iary water) which will tend to 
fall by the expansion of adsorbed water upon cooling, may 
also fall by capillary tension mechanism at elevated 
temperature ranges by repeating wetting and drying.
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2 LVDT COMPARATOR
2.1 INTRODUCTION
This study required the measurement of linear strain of 
32 sedimentary rock samples, mainly carbonates. Strain was 
to be measured In dry conditions and upon Immersing 
rock-cores In fresh water and In brine solutions of
different concentrations and under different temperatures.
In order to measure small strains accurately an
apparatus should be capable of detecting any linear movement 
smaller In one order of magnitude from the expected range of 
the movement. The error should not exceed the range of error 
forced by the background (room conditions).
The minimal expected range of temperatures upon which 
thermal strain of a rock-core Is to be measured In this 
study Is 20®C. Given that the length of the shortest core In 
the experiment was 42 mm and the known coefficient of 
thermal expansion (CTE) for carbonate rocks Is 6E—6 dL/L/dT, 
the expected linear movement (dL) Is 5*1E-3 mm. Hence the
apparatus should be able to detect any linear change larger
then 0.5 * IE-3 mm (0.5 microns). The average temperature In 
the laboratory during the experiment was 22 +2!^C. Therefore, 
when strain Is measured Isothermally the error should not 
exceed the equivalent of ^2®C.
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2.2 LINEAR VARIABLE DIFFERENTIAL TRANSFORMER
The Linear Variable Differential Transformer (LVDT) Is an 
electromechanical transformer which produces an electrical 
output proportional to the displacement of a moveable 
magnetic rod. It consists of three colls equally spaced on a 
cylindrical coll form, with one coll forming the primary 
circuit and the other two forming the secondary circuit 
(see Figure 2.1). A cylindrical moveable magnetic rod Inside 
this coll creates the magnetic flux linking the colls. The 
secondary colls are connected In opposing series so that the 
two voltages In the secondary circuit are opposite In phase 
and the net output of the transformer Is the difference of 
the two voltages. When the rod Is In a centered position the 
net output Is z e r o . This point Is the balance point or null 
point. As the rod moves on either side, the voltage within 
the coll toward which It moves Increases, while In the other 
direction the voltage In the coll decreases, giving a 
differential output with the proper sign. The output varies 
linearly with the displacement of the rod (see Figure 2.2). 
The rod movement requires a very smaI I driving force.
LVDT output may be affected while working at high 
temperatures and In the presence of a magnetic field of 
considerable magnitude. A temperature rise during the test 
could result In a shift of the null point and a change In 
sens 111VIty.
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Figure 2.2: LVDT output as a function of rod position,
I I near graph (Lama and VutukurI, 1978).
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2 . 3 DESIGN
The comparator used In this experiment Is made of two 
In-line LVDTs which are attached to an aluminum board. The 
LVDTs are extended with brass rods on to which hemispheric 
sample holders are attached. Each of the LVDTs Is connected 
to a voltmeter which convert the voltage output to 
dI spa I cement In units of millimeters or micrometers 
equivalent (see Figures 2.3.a and 2.3.b ) .
i i i i w - i
Figure 2.3.a: LVDT comparator used In this study,
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The scales of the LVDTs were calibrated with a 60.000 mm 
low expansion ceramic core (CTE = 8E-6 dL/L/C) which was
used as the standard throughout the experiment. The scale of 
the coarse LVOT Is millImetrIc and calibrated to 0.001 mm. 
The fine LVOT scale Is linearly related to a scale of 
micrometers and Is calibrated to 0.0001 mm equivalents.
V O L T M E T E R S
L V  DT
RODS A M P L E
L V D  
S C A L E
C O A R S E
L V D
SCALE
L V D T
Figure 2.3.b: schematic configuration of the LVOT 
comparator.
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The regression coefficient between the two scales (see 
Figure 2.4) Is used to convert the fine scale
output to millimeters. The range of the fine LVDT scale Is 
2^0.200 mm. When the fine LVOT Is out of range It 
flashes the display.
The comparator was designed by Or. P.P. Hudec (Geology 
Department) and was constructed by the Central Research 
Laboratory at the University of Windsor.
1J5
m
as
!
Iim.
;  Î5
jSfi'
/
/
/
1 h i  55
ME m i  (UK)
i  115
Figure 2.4: Regression of fine LVOT scale on coarse 
LVOT sea Ie.
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2.4 OPERATION
When the sample, a drilled rock-core with small diameter 
dimples at the ends, was placed between the two LVDTs, the 
reading on the fine LVDT was Initially adjusted to 00.0 
microns. The coarse LVDT displayed a number that represented 
the original length of the sample.
After treating the sample (heating, cooling, wetting, 
etc.), the core was again placed between the sample holders. 
The reading on the coarse LVDT was adjusted to the original 
length. The reading on the fine LVDT represented the change 
In length of the sample.
2.5 PRECISION PROCEDURES
A) To reduce the error, the length reading of the core 
has to be determined five times by taking the fine scale out
of range, until It flashes, and then bringing It back to the
former reading. An average of the four closest readings
determines the length of the core with a standard error
smaller than 0.5 micron (see Appendix 1).
B) The length of the ceramic standard core Is 
redetermined after measuring every two sample cores. If a 
change In the fine scale larger than 1 micron Is detected, 
the readings on this scale would have to be recalIbrated to 
0.00.
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C) The sample holders of the comparator and the dimples 
at the ends of the cores should be free of dust, moisture 
and Ice accumulation.
-39-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 SAMPLE COLLECTION AND PREPARATION 
3-1 SAMPLE COLLECTION
Bulk samples of rocks were collected In the spring of 
1984 and the fall of 1985. Thirty— two samples were collected 
from ten quarries In southern Ontario; fifteen samples were 
limestone, twelve were do Iostone, two were argillaceous 
do Iostone, two were sandstone and one was shale. Each 
sample consisted of one large block of the rock and was 
chosen to represent a single distinctive I IthoIogIcaI 
horizon In the face of a quarry. The samples were taken 
from freshly worked quarry faces whenever possible. The 
discreet I Itholog lea I units of the face In each quarry were 
described by Hewitt (1960, 1963).
A letter and a numeric digit were assigned to each sample 
according to the location and order of collection (see 
F Igure 3.1).
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3.2 SAMPLE PREPARATION
The bulk samples were cored perpendicular to the bedding. 
Six to eight 1.9 cm diameter cores were taken from each 
block, although only sets of four cores were used during 
the experiment. The core's lengths were between 4.1 cm and
7.1 cm. The ends of the core were squared. A small diameter 
dimple (0.3 cm to 0.5 cm) was drilled Into each end of the 
core so that the length measurements will define the 
distance between the same two points on opposite edges. The 
core were then washed, oven-dried (110° C) and cooled In a 
des Iccator.
ThIn-sectIons for microscopic pétrographie analysis were 
prepared from 2x2 cm chips that were taken from each 
samp Ie.
The remaining part of each block was then broken and
approximately half of the material was crushed, using a
Chipmunk-Jaw crusher. The crushed sample was mechanically 
sieved using 25.4 mm (1 In), 19 mm (3/4 In) and 15.9 mm
(5/8 In) sieve sizes. The retained sieved sample was then
washed and oven—dried.
Approximately twenty grams from each sample were 
pulverized for chemical analyses using a shatterbox shaker.
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4 EXPERIMENTAL PROCEDURES
4.1 OBJECTIVES
This study was designed to determine and explain the 
cumulative linear strain at room temperature, and 
Incremental strain over a range of temperatures of some 
sedimentary rocks, mainly carbonates. The strain was to be 
measured In dry conditions and upon saturation with fresh 
water and NaCI brine of different concentrations.
It has been shown (Hudec and SI tar, 1976; Hudec, 1980a) 
that the dimensional behaviour of a given llthology 
reflects the quality of a rock for use as aggregate 
material. To define the relations between the dimensional 
changes and the durability of the rocks, the llthology and 
quality characteristics of every sample had to be defined 
by means of soundness and sorption testing and by chemical 
and pétrographie analyses.
EXPANSION EXPERIMENT
The expansion experiment was preceded by a pilot test. 
This test was conducted to determined the optimum amount of 
time required to attain dimensional equilibrium when rock 
cores were Immersed In a 10% NaCI solution (by weight). The 
pilot test Is detailed In Appendix 2.
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On the basis of the results from the pilot test, the 
experiment was designed for 72 hours cycles of treatment. 
After treatment the length and weight of every core-sample 
was measured (see cycles of treatment In Figure 4.1). Length 
measurements for oven-dried samples were taken at room 
temperature, at 63° C and at -18° C. The Samples were not 
remeasured at room temperature after the dry thermal
■1ft -n n\ n
K<-
I <—  32 M l 
|— > Fi 
I < -  72 M l 
h >  F 
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fi 0 
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0
Figure 4.1: Flow chart of the treatment cycles
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treatment. For fresh-water treated samples length 
measurements were taken at room temperature, -3°C and — 18 C. 
For salt—treated samples length measurement were taken at 
room temperature and at -3° C. The lengths after fresh-water 
treatment which followed a salt treatment were measured at 
room temperature only.
During the experiment the cores were handled with tongs 
to avoid surface contamination. When the temperature of the 
cores was different than that of the comparator (room 
temperature), the cores were Inserted Into a thermal Jacket 
to maintain the temperature under study during the 
measurements. The measurements for each core-sample lasted 
between two to three minutes.
After the treatment with fresh water which followed the 
treatment with 10% NaCI the cores were treated with 3% 
S T P . The STP Is a soluble calcium phosphate compound. A 
solution made with STP was shown to Improve durability of 
rock aggregate and concrete (Hudec, pers. comm., 1986). 
Currently, the STP's formula Is registered for a patent 
protection, therefore. It Is still confidential and will 
not be further discussed In this thesis. The length of the 
STP treated samples were taken at room temperature only.
After the treatment with the STP solution the samples 
were washed In warm (40° C) fresh running water for a night, 
then oven dried (110° C) for 24 hours. After cooling In a 
desiccator for 24 hours the final length and weight of the 
samples was determined.
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The length measurements were used to define the 
cumulative strain histories of the treated samples and the 
Incremental strains after thermal treatments. The weight 
measurements were used to determine the density of the cores 
and the percent absorption of water or brine under each 
treatment condition.
An example of the calculations which were used In the 
analysis of the results Is displayed In Appendix 3 (p. 134). 
The strain history of every sample Is given In Appendix 8.
4.3 DURABILITY EXPERIMENT
4.3.1 SOUNDNESS TESTS
4.3.1.1 FREEZE AND THAW TEST
The freeze-thaw test simulates the response of the 
aggregate to freezing and thawing In nature. Although the 
conditions of the laboratory freezing and thawing may differ 
from those encountered In nature the test attempts to 
replicate these conditions as closely as possible.
Samples of 19 mm to 15.9 mm sieve size material were 
soaked for a period of 24 hours In a 3% NaCI solution In
Individual mason Jars. The solution was then drained and 
the Jars were sealed. The Jars were then placed In a 
freezer at -18° C. After sixteen hours In the freezer the 
Jars were taken out and the samples were allowed to thaw
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Jars were taken out and the samples were allowed to thaw 
for eight hours at room temperature. The Jars were then 
replaced In the freezer and this cycle was repeated five 
tIm e s .
At the end of the last cycle, each sample was dried In an 
a Ir— forced oven for 24 hours at 110° C. The dried samples 
were then back-sieved by hand and the material left on the 
15.9 mm sieve was weighed. The soundness loss reported was 
the weight of the material passing the 15.9 mm sieve 
expressed as a percentage of the original dry weight.
4.3.1.2 MAGNESIUM-SULFATE SOUNDNESS TEST
The magnes Ium-suI fate test (ASTM C 88) Is designed to 
estimate the resistance of the rock to deterioration under 
freeze and thaw conditions.
Samples of 19 mm to 15.9 mm sieve size material were 
soaked In a super—saturated solution of Magnes Ium-SuI fate 
for 16 hours, removed, drained and dried at 110° C to a 
constant weight. After 5 soak Ing/dryIng cycles, the samples 
were washed, dried, backs Ieved by hand and then weighed. The 
soundness loss rep orted was the weight of the material 
passing the 15.9 mm sieve expressed as a percentage of the 
original dry weight. The results of the soundness tests are 
displayed In Appendix 5 (p. 138). A classification of the
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samples according to these tests Is given In Chapter 5 In 
Tables 5.3 to 5.5.
4.3.2 SORPTION CHARACTERISTICS
4.3.2.1 INTRODUCTION
Water adsorption, absorption and degree of saturation 
are some of the basic properties of aggregate. Much of the 
degradation experienced by the aggregate Is the result of 
rock - water Interaction. The water enters and occupies the 
Internal pores and surface of the rock, and It Is the 
response of the rock-water system to environmental changes 
that dictates the aggregate durability.
4-3.2.2 SURFACE-DRY ABSORPTION
Samples of 19 mm to 15.9 mm sieve size material were 
dried In an oven for 24 hours, cooled over a des Iccant, 
Weighed and then soaked In degassed fresh water for a 
period of 24 hours. The aggregate were then towel—dried so 
that no moisture was retained on the surface and Immediately 
Weighed. The amount of water absorbed by the sample Is
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derived by subtracting the dry weight value from the 
saturated weight and expressing the result as percentage of 
the dry weight.
4 3.2.3 BO ILING-VACUUM ABSORPTION
During the absorption of water, air bubbles are trapped 
In the saturated pore system. By Immersing a rock In boiling 
water, the pressure of the air within the pores Increases, 
the air pushes the water out of the pores and then escapes 
through the solution to the atmosphere. After cooling, the 
water Is being sucked back Into the pores by a vacuum 
action. It Is assumed that at the end of this treatment the 
water fills all the voids In the rock.
Samples of 19 mm to 15.9 mm sieve size material were
dried In an oven for 24 hours, cooled over a des Iccant, 
weighed and then placed In m a s o n - j a r s . The jars were filled 
with water to completely cover the samples and then placed
In an air-forced oven at 120° c  until the water boiled
vigorously. The samples were then left In the water to 
cool for 24 hours. After that period of time the samples 
were removed from the Jars, towel dried and Immediately 
Weighed. The amount absorbed was expressed as percentage of 
the dry weight.
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4 3 . 2 . 4  ADSORPTION
Samples of 19 mm to 15.9 mm sieve size material were 
dried In an oven for 24 hours, cooled over a des Iccant, 
weighed and then placed In a humidity chamber for 72 hours 
In a 98% R.H. environment at 21° C. A super-saturated 
solution of copper sulfate was used to maintain the relative 
humidity In the chamber. At the end of the treatment the 
samples were rewelghed and the amount adsorbed was expressed 
as percentage of the dry weight.
4 3 . 2 . 5  CALCULATED PARAMETERS
Once adsorption, absorption and boiling absorption were 
measured, another set of sorption data, which has some
bearing on durability, was calculated. As mentioned before
the amount of water absorbed under the boiling method Is 
assumed to fill all the volume of the pores. A percent I le 
ratIm of the adsorbed water over the amount of 
bo I I Ing—absorbed water will Indicate the amount of pore
volume occupied by adsorbed water. A percent I Ie ratio of the 
Water absorbed less the amount of water adsorbed over the 
amount of boiling-absorbed water will Indicate the amount 
of pore volume occupied by absorbed water. By subtracting 
these two parameters from 100%, the void space not occupied 
by water after normal saturation can be determined.
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After these calculations the samples were classified 
Into three categories (after Hudec and SI tar, 1976). The 
categories w e r e :
a) Sound samples - Samples which contain more than 20% 
void space upon normal saturation and less than 40% adsorbed 
w a t e r .
b) Frost-sensItIve — Samples which contain less than 
20% void space upon normal saturation.
c) SorptIon-sensItIve — Samples which contain more 
than 40% adsorbed water.
The results of the sorption tests are presented In 
Appendix 5. The classification of the samples according to 
the sorption characteristics Is given In Chapter 5 In Table
5.2 and Tables 5.3 to 5.5.
4*3.3 CHEMICAL ANALYSES 
4 3.3.1 INSOLUBLE RESIDUE
This test was designed to measure the amount of non­
carbonate material (silica, alumina) In a rock-sample. The 
amount of Insoluble residue Is usually proportional to the 
amount of clay, chert and quartz minerals contained within 
the carbonate rocks.
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Approximately three grams of dried powdered sample was 
weighed with an analytical balance to 0.000 gm. The sample 
was then placed In a beaker over a .hot plate and 
approximately 20 cc of 6 N HCI were added. The sample was 
left for about an hour and then filtered using * 40 ash I ess
filter paper. The residue and the filter paper were then 
placed In a preweighed porcelain crucible which was then 
placed In a furnace at 600° C. After four hours the crucible 
was taken out of the furnace, cooled over a des Iccant and 
weighed. The Insoluble residue was expressed as percentage 
of the Initial weight of the dry powder. The results of 
this analysis are given In Chapter 5 In Tables 5.3 to 5.5.
4 3.3.2 MAJOR OXIDES DETERMINATIONS
Standard rock powder pellets were prepared for each 
sample for whole— rock geochemical analysis. Determination of 
CaO and MgO were preformed using a Philips PW-1410 X-ray 
fluorescence spectrometer. The analysis Is based on the 
linear relationship between the reciprocal of the 
concentration and the Inverse of the counting rate (Huang 
and Smith, 1983). Regression lines, based on known CaO and 
MgO abundances for several carbonates rocks standards. 
Were used to determine the unknown concentrations.
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The analysis was preformed by Mr. Dave Peck from the 
Geology Department at the University of Windsor. The results 
of this analysis are given In Chapter 5 In Tables 5.3 to 
5.5.
4.3.4 CRYSTAL SIZE AND PETROGRAPHIC ANALYSES
For the purpose of conventional pétrographie 
descriptions, the rocks were Initially termed following 
Folk's classification of carbonates ( In Petti John, 1975). 
To describe the relations between the a I Iochems and the 
carbonate mud (micrlte or spar I te) the rocks were also 
termed according to the deposit Iona I texture after Dunham 
(In Petti John, 1975). The rocks descriptions are outlined In 
Appendix 6.
In the section on porosity It has been shown that the 
hydrodynamic Interrelationships between the pore walls and 
the pore fluid are strong I y dependent on the size of the 
pore. The smallest pores were shown to have the greatest 
effect on the hydrodynamic phenomena. For this purpose, the 
total number of crystal boundaries within the rocks (which 
might represent the smallest pores therein), rather than 
Just a I Iochems boundaries, was assumed to have a bearing on 
these phenomena. Therefore, an unconventional analysis was 
performed In an attempt to establish a quantitative
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parameter to represent the average crystal size of the 
sample. This parameter was to be correlated with some
other rock parameters which were defined by this study.
The rocks were classified Into crystalline 
(spar Ite>m1er I te) and non-crystal I I ne (mIcrIte>sparI t e ) . The 
samples In each category were arranged according to the 
relative crystal size. In the crystalline category the 
samples were arranged according to the range of sizes of 
well defined crystals. In the non-crystal I I ne category the 
samples were Initially arranged according to the ratio
between the matrix and well defined crystals and then 
according to range of sizes of the crystals.
A relative scale from 0.3 to 4.5 was set. The value of 
4.5 was assigned to the sample with the coarsest crystal
size ( H .2Imst, IntrasparrudI t e ) ; and the value of 0.3 was
assigned to the sample with the finest crystal size
(1.1Imst, micrlte). A number which reflects the relative 
crystal size of a sample on this scale was assigned to each
sample based on the observed crystal size (see
photomicrographs In Appendix 7).
Five samples were then chosen to represent the rock 
collection In this study. For each of the representatives 
the number of well defined crystals Intercepting the
hair— lines along the horizontal and the vertical diameters 
of the field of observation were counted. The proportion of 
the matrix along a traverse was estimated as percentage of 
the total length of the hair— line. If the body of an
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allochetn was composed of micrlte It was considered as matrix 
(see Figure 1 and 3 In Appendix 7). If, however, the 
a I Iochems contained some well defined crystals then each 
of the crystals was counted (see Figure 3 In Appendix 7, 
microspars In the center of the oold In the upper right 
co r n e r ).
This counting was repeated 15 times In different 
locations on the thin section. The average crystal size of 
the sample was calculated by dividing the length of the 
diameter (cm) by the average number of crystals along the 
diameter. This was considered as average crystal size of 
the sample. A regression was then performed between the 
relative crystal size and the counted crystal size (see 
Figure 4.2). The equation of the line of best fit was used 
to convert the relative scale to metric scale. For the 
purpose of this study the crystal size parameter was termed 
as the grain size parameter. The grain size parameter Is 
given In chapter 5 In Table 5.2.
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Figure 4.2: Regression of crystal size scale on counted 
crystal size.
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5 RESULTS AND DISCUSSION
5.1 DRY COEFFICIENTS OF THERMAL EXPANSION
The strain histories of all the samples at any stage of 
the treatment are displayed In Appendix 8.
The strain values (dL/L) of the dry samples over a 
range of temperatures were calculated relative to the length 
of the dry sample at room temperature, assuming elastic 
recovery. The dry coefficients of thermal expansion (CTE) 
were calculated by dividing the strain over the range of the 
temperatures (dT). The results are described In Table 5.1 
where the samples are classified according to the llthology.
It can be seen that for most of the samples the length 
changes per degree cent I grade are larger after cooling 
relative to those after heating. Thus, the expansion of the 
dry rocks over the range of temperatures may not be totally 
linear. The average CTE Is smaller for the limestones 
(I.BBE-s/fc) relative to the average of the do Iostones 
(4.40E-6/b) and the average of the group (3.33E—s/b). The 
differences among the average coefficients of thermal 
contraction for the limestones, do Iostones and the group 
were negI I g IbIe.
The coefficients of contraction of the dry carbonates 
are comparable to those reported by Hudec and SI tar (1976). 
A reduction In the CTE with Increasing temperature was also 
reported by MIndess and Young (1981). The coefficients of
-57-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
thermal contraction for the sandstones are comparable to 
those reported by Loubser and Bryden (1972), however, the 
CTE for D.4SS Is relatively small for sandstone.
Table 5.1; Dry coefficients of thermal expansion 
(dL/L/°C)*1E^
room temp. — > 63“C -18°C
E.1Imst .72 -2.72
E.2lmst .84 -1.76
F.SImst 1.59 -2.01
G.llmst 1.07 -7.59
H.llmst 1.49 -8.10
H.2lmst 2.40 -7.72
1.1Imst 1.23 —5.99
l.2lmst .23 -7.09
1.4lmst 2.10 -4.59
J.llmst 3.37 -10.87
J.2lmst 4.57 -9.37
K.llmst .63 -8.26
L.llmst .44 -7.07
M.llmst 0 -9.01
N.llmst 4.22 -7.84
average 1.66 -6.67
std dev 1.42 2.74
A.idol 5.52 -10.42
B.2dol 6.41 -8.37
B.3dol 1.04 -9.84
B.4dol 3.62 -9.55
C.ldol 3.83 -6.12
C.2dol 2.24 -6.86
C.3dol 4.37 -5.49
C.4dol 6.07 -5.92
D.2dol 4.44 -6.49
D.Sdol 8.52 -6.64
P.Idol 4.30 -2.25
F.2dol 2.40 -2.70
average 4.40 -6.72
std dev 2.04 2.57
B.larg 10.65 -5.37
1.3arg 6.90 -7.85
C.Sargss 7.57 -7.22
D.4SS .63 -8.86
C.Bshale 3.18 -4.60
grp avg 3.33 -6.70
grp. std 2.67 2.48
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5.2 STRAIN AT ROOM TEMPERATURE
5.2.1 STRAIN UPON IMMERSION IN FRESH WATER
The strain values of the rocks after Immersion In fresh 
water, as well as some other rock characteristics which were 
defined by this study, are displayed In Table 5.2. The 
strain values (dL/L) were calculated relative to the length 
of the dry sample at room temperature. The samples are 
arranged In a descending order according to the magnitude 
and the sign of the strain. Frost-sensItIve samples In the 
sorption category were defined as those samples with pore 
space containing less than 40% adsorbed water, and less than 
20% air void space, that Is, these samples tend to get 
critically saturated upon Immersion In water. The actual 
calculations of the sorption characteristics are displayed 
In Appendix 5.
Sample B.larg Is the most expansive sample In this 
collection. This sample represents the Decew Do Iostone and 
Shale Formation. Hudec and SI tar (1976), reported that
other samples from this formation were also found to be
expansive and sorptIon-sensItIve ( I e . . void space Is 
filled with more than 40% adsorbed water) after Immersion In
fresh water. The strain of the most expansive sample In
their collection Is comparable to the expansion of B.larg.
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Although, sample B.larg was classified as frost-sensItIve 
It does contain relatively more adsorbed water (by a factor
Table 5.2: strain In fresh water and rock characteristics
strain In Insoluble adsorp sorption grain
f . water residue 98% R.H. charac. size
sample dL/L*1E5 (% wt) (% wt)
B.larg 208.2 25.70 .501 frost 2.2
C.Bshale 81.5 58.88 .657 frost 1
C.5argss 71.2 89.13 .405 frost 4.3
1.3arg 62.9 44.67 1.676 sorption 1.5
H.llmst 47.3 11.75 .053 frost .9
C.ldol 29.9 12.88 .202 frost 1
l.llmst 11.5 8.71 .120 sound .3
C.3dol 11.3 10 .670 soind 1
C.2dol 10.9 5.25 .330 frost 2
B.2dol 5.2 2.95 .113 sound 2.9
F.ldol 4.1 2.95 .023 frost 2.5
E.2lmst 2.6 2.45 .013 frost 2.4
D.2dol 2.3 5.75 .033 frost 1.2
K.llmst .4 6.92 .196 frost 2
E.1Imst .1 1.58 .007 frost 2.3
F.2dol -.2 .51 .013 sound 2.4
D.4SS -.8 91.20 .033 frost 4.5
F.3lmst -.8 1.38 .073 frost 2.4
D.3dol -2.7 3.89 .033 frost .8
C.4dol -7.7 5.25 .130 frost 1
H.2lmst -9.0 10.72 .244 sound 4.5
l.4lmst -9.1 5.62 .096 sound 1.3
A.idol -13.5 1.82 .130 sound 3
B.3dol -17.2 2.45 .010 sound 3.2
l.2lmst -21.3 4.79 .236 sorption .5
B.4dol -21.8 1.86 0 sound 3.5
J.llmst -23.1 6.17 .191 sorption 2
J.2lmst -23.6 6.61 .169 frost 3.3
N.llmst -25.4 4.27 .056 frost 3.5
M.llmst -32.3 3.72 .010 frost 2.8
L.llmst -34.3 4.47 .023 frost 3
G.llmst -36.9 2.63 .058 sound 2.5
avg carbonate: -5.68 5.09 .12
std carbonate: 19.27 3.30 .14
— 6 0 —
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of five) when compared to the average carbonate. The other 
argillaceous sample ( I.3arg) was also found to be expansive 
and classified as sorptI on—sens 111ve. This sample was found 
to be the most adsorptive sample In this collection.
The amount of Insoluble residue In these two samples 
was found to be very high. Sample I.Sarg displays 
glauconite In a thin section. This type of clay mineral also 
appears In sample C.Sargss and In C.Sshale. Samples H.llmst 
and C.ldol (which display the highest expansion among the 
limestones and the do Iostones, respectively) also contain 
high amounts of Insoluble residue relative to the average
carbonates. This Is usually considered to be proportional to
the amount of clay and chert minerals (Hudec, 1980a). The 
common clay mineral In Paleozoic carbonate rocks from 
southern Ontario Is I I I I te (Do Iae-MantuanI, 1983). Since
both the glauconite and the I I I I te are non-expans Ive clays 
they will mainly Increase the Internal surface of the rock 
by reducing the average grain and pore size.
Hudec and SI tar (1976), attributed the expansion of
sorptIon-sensItIve rocks to the buildup of a rigid adsorbed 
film of water on the pore-waIls. The adsorbed layers would 
be capable of exerting pressure therein which will result In 
rock expansion. This can explain the expansion of sample 
I.3 a r g .
Vos and Moddle (1976, In RIgbey, 1980) determined that 
air entrapped In the pore system will be compressed after 
capillary filling and would be capable of exerting a
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momentary pressure which will result In rock expansion. 
RIgbey (1980) suggested that the adsorbed film of water will 
provide a barrier for the dissolution of the compressed air; 
by this the duration of the expansion will be extended. 
Expansion of this type will be more prominent In fine 
grained rock If proportional reduction In the average pore 
size Is considered.
The strain values were plotted versus the grain size 
parameter which was estimated from the crystal size. The 
I I ne of best fit was drawn for the I Imestones and the 
do Iostones (see Figure 5.1). The correlation Is low but the 
trend Indicates that fine grained rocks will expand more 
relative to coarser grained rocks. It has been shown earlier 
that the most expansive rocks contain a high amount of 
clays. Therefore, It may be said that the fineness of the 
grains In the rocks and the presence of clay minerals are 
additive properties when expansion of rocks upon Immersion 
In water Is considered.
Contraction of some rocks upon Immersion In water was 
observed by Hudec and SI tar (1976), Hudec (1980a), and 
RIgbey (1980). All these authors related the contraction to 
a tensile force which resulted from the formation of menisci 
within the small capillaries during the process of pore 
filling.
It should be noted that It was assumed that the thermal 
contraction of the dry cores was elastic. The Incremental 
strain after Immersion In fresh water was negative only
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for two samples (G.llmst and L.llmst) relative to the dry 
cooling strain (see the strain history of these samples In 
Append IX 8).
or cor outo
D 0 0
1  1 l!s Ï 2:5 i
WH SIEE SCALE
Figure 5.1: Strain In fresh water versus grain size
sea Ie.
-63-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.2.2 CUMULATIVE STRAIN AT ROOM TEMPERATURE 
AND SAMPLE CLASSIFICATION
The samples were classified Into three categories 
according to the llthology and the cumulative strain of the 
saturated samples at room temperature. The cumulative strain 
values of each sample under each category are displayed In 
Tables 5.3.a, 5.4.a and 5.5.a. The length changes (dL/L) 
were calculated relative to the length of the dry sample at 
room temperature. It should be noted that after the first 
fresh water treatment and after every salt treatment there 
were cooling stages. Tables 5.3.b , 5.4.b and 5.5.b display 
the corresponding sample characteristics that were defined 
by this study. ‘Fair* samples In the soundness category 
were defined as those samples that display between 5 to 15% 
loss In either the freeze-thaw test or the magnes Ium-suI fate 
test. It Is possible that samples that were found to be 
frost-sensItIve In the sorption category will be 
classified as sound In the soundness category If critical 
saturation conditions are not maintained during soundness 
test Ing.
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5-2.2. 1 CATEGORY I: EXPANSIVE
The first category or the expansive group combines all 
the argillaceous samples and the shale. All the samples In 
this category expanded after Immersion In fresh water. The 
average cumulative strain (ACS) at room temperature of these 
samples remained positive and high under any treatment 
condition relative to the length of dry sample.
Table 5.3.a: Cumulative strain (dLA)*1E5 at room temperature / category - expansive
state: DRY SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. DRY
treatment: fr water NaCI 3% fr water NaCI 7% fr water NaCI 10% fr water STP 3%
temp°C: 22 20 20 20 20 20 20 20 20 22
B.larg 0 208.2 159.1 171.7 157.4 174.8 163.2 184.5 213.2 54.3
C.Sargss 0 71.2 25.7 32.2 4.9 29.4 20.7 35.2 41.0 6.9
C.Bshale G 81.5 44.4 46.1 28.6 41.1 20.2 34.7 65.2 7.3
1.3arg 0 62.9 74.4 80.7 79.7 70.2 66.4 68.9 90.4 38.4
average 106.0 75.9 82.7 67.7 78.9 67.6 80.8 102.5 26.7
std dev 68.6 59.0 62.8 67.5 66.2 67.3 70.9 76.5 23.6
std error 34.3 29.5 31.4 33.7 33.1 33.6 35.5 38.2 38.2
Table 5.3.b: Rock characteristics / category - expansive
adsorp absorp absorp sorption soundness CaO Insoluble density grain sz grain sz
98% R.H. surf-dry boll-vac charac. MgO residue scale
sample (% wt) (% wt) (% wt) (% wt) (gm/cc) (cm)
B.larg .501. 2.05 2.17 frost fair 1.40 25.70 2.669 2.2 1.1E-3
C.Sargss .405 4.52 4.59 frost poor — • 89.13 • 2.360 • 4.3 * 1.2E-2
C.Bshale .657 3.26 3.12 frost poor 1.44 58.88 2.634 1 2.9E-4
1.3arg 1.676 3.47 3.69 sorption poor .99 44.67 2.620 1.5 5.IE-4
average .810 3.33 3.39 43.08 2.641 1.6 6.4E-4
std dev .587 1.01 1.02 16.65 .025 .6 4.3E-4
std error .814 1.41 1.41 23.11 .035 .8 6.0E-4
- excluded from group average
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Figure 5.2 displays the average strain path of this 
group at room temperature. The vertical lines define the 
standard error about the mean at 95 percent confidence 
I eve I .
After treatment with 3% NaCI the ACS for this group 
was reduced by 30.1 dL/L*1E5 relative to the strain In 
fresh water.
expansive
ngn-expansive snups
II FI n  FI liman miiioh
Figure 5.2: Average cumulative strain (ACS) observed 
for the expansive group at room temperature.
— 66—
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The ACS at room temperature was slightly reduced after 
treatment with 7 and 10% NaCI (from 75.9 to 67.7 and 67.6 
dL/L*1E5, respectively). The treatments with fresh water 
after the treatments with salt resulted In a positive 
Incremental strain (assuming elastic thermal recovery). All 
these samples expanded after the treatment with the STP 
solution. The ACS (102.5 dL/L*1E5) was similar to the strain 
In fresh water. At the end of the experiment, after washing
and drying, the samples displayed positive hysteresis
(26.7 dL/L*1E5) relative to the dry length at room
temperature.
Sample l.3arg displayed anomalous behaviour In this
group since It expanded after treatment with salt relative
to the strain In fresh water. During the measurements at
room temperature, the cores of this sample contracted 
rapidly after they were placed between the sample holders of 
the LVDT comparator. This could have affected the accuracy 
of measurements for this sample.
The core-sampI es In this group absorbed more water or
brine under every treatment condition relative to the
average cores of the other two groups (see Figure 5.3). 
Three of the samples In this group were found to be 
deleterious after standard soundness testing. One sample 
was defined as fair. According to the sorption 
characteristics, three samples were classified as 
frost-sensItIve while one sample ( I.3 a r g ) was
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sorptIon-sensIt 1v e . All these samples tend to adsorb more 
water under 98% R.H. relative to the average rocks of the 
other groups (by at least a factor of 4).
J
-
IP
exfansive
oiKosis inactive
u  or m m
Figure 5.3; Average surface-dry absorption (wt.
percent) experienced by the cores of the different 
groups under treatment conditions.
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5.2.2.2 CATEGORY II: OSMOSIS SENSITIVE
The rest of the samples were classified Into two 
categories. The cumulative strain values of each sample at 
room temperature were plotted versus the salt concentrations 
of the treatment. A line Joining points was drawn through 
the points which represent the fresh water treatments 
after salt treatment. Another line was drawn through the
points which represent the salt treatments. The strain after 
Initial fresh water treatment was used as a common starting 
point. The two I Ines were compared. If the ‘water I I ne' of 
a sample was found to be higher than the ‘salt line' this 
sample was classified as an osmosIs-sensItIve sample since 
this sample tends to expand In fresh water after salt
treatment (see Figure 5.4). A sample that did not behave 
that way was classified as an osmosIs— InactIve.
The osmosIs-sensItIve samples (see Figure 5.5) 
displayed small change on average after the first treatment 
with fresh water (3.1 dL/L*1E5). Seven of these samples
expanded and the rest contracted. The cumulative strain
values of sample H.llmst remained positive even In the 
subsequent stages of the treatment relative to the length of 
the dry sample at room temperature.
After treatment with 3% NaCI the ACS was reduced 
relative to the ACS In fresh water. The average cumulative
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contraction (31.5 dL/L*1E5) was equivalent to that of the
expansive group at this stage of the treatment. The ACS was 
reduced to -37.4 dL/L*1E5 after treatment with 7% NaCI.
Table 5.4.a: Cumulative strain (dL/L)*1E5 at room temperature / category - osmosis sensitive
state: DRY SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. DRY
treatment: fr water NaCI 3% fr water NaCI 7% fr water NaCI 10% fr water STP 3%
temp°C: 22 20 20 20 20 20 20 20 20 22
B.2dol 0 5.2 -24.2 -14.4 -37.0 -28.8 -33.4 -30.5 -33.7 -33.1
B.Sdol 0 -17.2 -58.5 -49.8 -70.5 -62.8 -66.0 -59.0 -67.1 -65.9
B.4dol 0 -21.8 -46.8 -45.9 -58.7 -50.8 -54.4 -51.5 -57.8 -58.2
C.ldol 0 29.9 -7.8 -7.2 -15.4 -8.1 -10.6 -9.6 -6.6 -21.5
C.2dol 0 10.9 -33.0 -26.7 -43.1 -34.3 -45.7 -36.3 -36.0 -37.7
C.Sdol 0 11.3 -24.7 -23.4 -41.5 -30.3 -51.3 -29.9 -42.5 -33.3
D.4SS 0 -.8 -51.4 -48.2 -61.3 -52.3 -63.8 -54.3 -40.3 -33.9
F.ldol 0 4.1 -31.2 -31.1 -38.0 -35.6 -39.2 -34.3 -32.0 -29.7
H.1Imst 0 47.3 27.2 31.9 24.6 30.5 26.8 31.8 27.9 -17.0
1,1Imst G 11.5 -10.3 — .3 -13.4 -10.2 -18.2 -11.2 -21.4 -26.5
1.4Imst 0 -9.1 -26.4 -20.2 -30.9 -27.0 —30.8 -24.7 -24.5 -6.9
L.1Imst 0 -34.3 -54.2 -47.6 -65.0 -63.1 -64.0 -60.4 -61.4 -22.9
average 3.1 -28.4 -23.6 -37.4 -31.2 -37.6 -30.8 -32.9 -32.2
std dev 22.3 24 24.2 26.6 26.6 27.0 26.1 25.8 16.4
std error 6.4 6.9 7.0 7.7 7.7 7.8 7.5 7.5 7.5
Table 5.4.b; Rock characteristics / category - osmosis sensitive
adsorp absorp absorp sorption soundness CaO Insoluble density grain sz grain sz
98% R.H. surf-dry boll-vao charac. MgO residue scale
sample (% wt) (% wt) (% wt) (% wt) (gra/cc) (cm)
B.2dol .113 .83 1.21 sound sound 1.82 2.95 2.691 2.9 2.47E-3
B.3dol .010 1.84 3.18 sound sound 1.79 2.45 2.592 3.2 3.47E-3
B.4dol 0 1.33 2.51 sound sound 1.81 1.86 2.600 3.5 4.87E-3
C.ldol .202 1.29 1.25 frost sound 1.55 12.88 2.728 1 2.90E-4
C.2dol .330 .83 1.03 frost sound 1.74 5.25 2.432 2 8.96E-4
C.3dol .670 1.95 2.44 soind sound 1.78 10.00 2.668 1 2.90E-4
D.4ss .033 2.54 3.11 frost poor — — * 91.20 • 2.459 * 4.5 * 1.50E-2
F.ldol .023 2.53 2.96 frost sound 4.94 2.95 2.644 2.5 1.49E-3
H.lImst .053 .94 .85 frost sound 2877.40 11.75 2.777 .9 2.59E-4
1.1Imst .120 .49 .66 sound sound 520.00 8.71 2.760 .3 1.32E-4
1.4Imst .096 .41 .71 sound fair 1357.07 5.62 2.769 1.3 3.85E-4
L.lImst .023 1.66 1.88 frost fair 145.88 4.47 2.641 3 2.77E-3
average .139 1.39 1.82 6.26 2.666 1.95 1.57E-3
std dev .192 .73 .98 3.93 .10 1.11 1.60E-3
std error .122 .46 .62 2.50 .06 .71 1.02E-3
- excluded from group average
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After the treatment with 10% N a C I , five samples expanded 
slightly relative to the strain In 7% while the rest 
contracted. The ACS of the group was similar to that In 7%. 
The ACS after treatment with the STP was similar to the ACS 
under the preceding fresh water treatment.
A
I
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Figure 5.4: Typical curves of an osmosis sensitive 
samp Ie.
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At the end of the experiment, after washing and drying, 
the samples did not return to their original length. All 
the samples In this category displayed negative hysteresis 
(average, —32.2 dL/L*1E5).
The osmosis sensitive category combines seven 
do Iostones, one quartz arenI te sandstone and four
limestones. All the limestones were defined as ml or I te or
fi I
senntivtSK s
l U C  ivtDSNSIS
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I l I ID II CHIDIi
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Figure 5.5; Average cumulative strain observed for 
groups I I and III at room temperature.
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blomicrlte. Three of them were defined as mudstone and 
L.lImst was defined wackestone. Nine samples of this group 
were found to be sound after soundness testing. Two samples 
were classified as fair, and the sandstone was classified as 
poor. According to the sorption characteristics, six samples 
were classified as frost— sens 111ve and the other six were 
defined as sound. The average sample In this group contains 
more acid Insoluble residue and It displays finer grain size 
relative to the average sample of the Inactive group. This, 
however, may not be true for each Individual sample.
5.2.2.3 CATEGORY III: OSMOSIS INACTIVE
The Inactive group contains only carbonates : eleven 
limestone and five do Iostone. Ten of these samples 
tended to get critically saturated upon Immersion In water 
and were classified as frost—sens 111ve samples. Two of the 
samples (J.llmst and I.2 Imst) were classified as 
sorptIon-sensItIve and the other four were classified as 
sound samples. Nine of these samples display acceptable loss 
values upon soundness testing and the other seven were 
classified as fair quality rocks. The samples In this group 
tended to develop an efflorescent coating on the surface
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T a b le  5 . 5 . a :  C u m u la t iv e  s t r a i n  ( d L /L ) * 1 E 5  a t  room  te m p e r a tu r e  /  c a t e g o r y  -  o s m o s is  I n a c t i v e
state : DRY SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. DRY
treatment: fr water NaCI 3% fr water NaCI 7% fr water NaCI 10% fr water STP 3%
tempF C: 22 20 20 20 20 20 20 20 20 22
A.Idol 0 -13.5 -31.5 -29.5 -34.1 -41.2 -37.4 -33.9 -38.0 -38.8
C.4dol 0 -7.7 -20.3 -31.7 -32.4 -34.8 -39.5 -31.8 -31.5 -31.5
D.2dol 0 2.3 -23.5 -23.9 -25.9 -25.8 -24.8 -20.9 -18.3 -12.4
D.Sdol 0 -2.7 -25.3 -29.0 -28.4 -31.8 -38.0 -31.9 -23.8 -20.9
E.1Imst 0 .1 -36.2 -38.8 -41.8 -40.9 -48.1 -42.5 -54.9 -53.7
E.2dol 0 2.6 -33.8 -34.2 -48.0 -48.2 -48.4 -45.7 -53.5 -40.8
F.2lmst 0 -.2 -32.9 -37.8 * -19.8 -37.2 -37.8 -38.7 -38.0 -44.9
F,3 Imst 0 " .8 -37.5 -34.2 -39.8 -40.9 -51.0 -45.8 -45.4 -38.8
G.l Imst 0 -38.9 -27.8 • -3.0 -30.9 -50.9 -49.2 -32.7 -48.9 -59.8
H.2lmst 0 -9.0 -29.1 -23.8 -28.9 -29.1 -28.7 -30.5 -29.7 -25.6
J.1Imst 0 -23.1 -37.9 • -12.3 -22.0 -24.3 -25.0 -30.3 -38.4 -53.8
J.2lmst 0 -23.8 -29.2 -32.8 -37.1 -38.8 -38.9 -84.5 -34.0 -28.6
1.2lmst 0 -21.3 -28.9 -32.7 -39.3 -40.9 -48.1 -43.4 -41.7 -21.9
K.1Imst 0 .4 -18.8 -22.1 -18.2 -24.5 -15.3 -11.5 -5.8 -5.5
M.1Imst 0 -32.3 -82.4 -84.4 -89.2 -72.8 -73.8 -72.4 -74.4 -45.9
N.1Imst 0 -25.4 -30.8 -35.0 -43.7 -39.5 -41.4 -40.7 -41.2 8.1
average -11.9 -31.8 -33.4 -35.5 —38.8 -39.9 -38.4 -38.8 -32.2
std dev 13.8 10.3 10.2 12.4 12.4 13.9 15.3 18.5 18.9
std error 3.3 2.5 3.3 3.2 3 3.4 3.7 4.0 4.0
Table 5.5.b: Rock characteristics / category - osmosis Inactive
adsorp absorp absorp sorption soundness CaO Insolible density grain sz grain sz
98 R.H. surf-dry boll-vac charac. MgO residue scale
sample (% wt) (% wt) (% wt) (% wt) (gm/cc) (cm)
A.Idol .130 1.84 2.31 sound sound 1.55 1.82 2.882 3 2.77E-3
C.4dol .130 5.18 5.83 frost sound 1.73 5.25 2.401 1 2.90E-4
D.2dol .033 1.14 1.13 frost fair 1.82 5.75 2.883 1.2 3.84E-4
D.3dol .033 2.82 3.02 frost sound 1.71 3.89 2.598 .8 2.19E-4
E.1 Imst .007 1.15 1 frost somd 191.43 1.58 2.885 2.3 1.19E-3
E.2dol .013 2.08 2.17 frost sound 201.37 2.45 2.803 2.4 1.33E-3
F.2 Imst .013 8.27 8.33 sound sound 2.04 .51 2.300 2.4 1.33E-3
F.3lmst .073 1.80 1.83 frost sound 6324.12 1.38 2.513 2.4 1.41E-3
G.l Imst .058 .83 .88 sound fair 279.90 2.83 2.709 2.5 1.58E-3
H.2 Imst .244 .85 .84 sound sound 454.99 10.72 2.788 4.5 1.50E-2
J.1Imst .191 .48 .43 sorption sound 877.84 8.17 2.732 2 8.96E-4
J.2lmst .189 1.44 .54 frost fair 254.88 8.81 2.788 3.3 3.89E-3
1.2lmst .238 .48 .44 sorption fair 1990.87 4.79 2.887 .5 1.85E-4
K.1Imst .196 .91 .87 frost fair 5559.04 8.92 2.748 2 8.96E-4
M.1Imst .010 2.38 2.54 frost fair 144.21 3.72 2.508 2.8 2.09E-3
N.1Imst .056 .50 .49 frost fair 180.72 4.27 2.758 3.5 4.87E-3
average .100 1.84 2.03 4.28 2.844 2.27 2.39E-3
std dev .085 1.88 2.19 2.82 .149 1.08 3.82E-3
std error .046 .90 1.17 1.41 .08 .57 1.94E-3
excluded from group average
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when cooled after Immersion In saline solutions. The average 
strain path at room temperature of this group Is displayed 
In FIgure 5.5.
Upon Immersion In fresh water most of the samples In 
this category contracted relative to the length of dry 
sample at room temperature. Only four samples expanded.
The cumulative strain of all the samples, except 
G.lImst, was reduced after the treatment with 3% NaCI (ACS, 
-31.6 dL/L*1E5) relative to the strain In fresh water (ACS,
-11.9 dL/L*1E5). After the second fresh water treatment,
five samples displayed Insignificant change, seven samples 
contracted and four expanded. Anomalous expansion at this 
stage was observed for samples G.lImst (fair quality rock) 
and J.llmst (sorptIon-sensItIve). After the 7% NaCI
treatment, most of the samples contracted while two samples 
slightly expanded. Anomalous expansion was observed for 
sample F.2 Imst (the most absortIve sample In this 
collection). After the next fresh water treatment, most of 
the samples contracted, and sample N.1Imst slightly 
expanded. After the 10% NaCI treatment, most of the samples 
contracted relative to the cumulative strain In 7% NaCI. 
After the next fresh water treatment most of the samples 
slightly expanded, and three contracted. Anomalous
magnitude of contraction was observed at this stage for
sample J.2 Imst (see strain history In Appendix 8) where the
contraction was beyond the preceding thermal contraction. 
After the treatment with the STP solution, eight samples
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displayed small changes, five samples contracted, and three 
expanded. The group ACS was similar to the ACS In the 
preceding fresh water treatment.
At the end of the experiment, after washing and drying, 
the samples did not return to their original length. Most 
of the samples In the Inactive group displayed negative 
hysteresis (average, -32.2 dL/L*1E5). Sample N.1Imst
slightly expanded relative to the original dry length.
5 2 . 2 . 4  GROUPS CHARACTERISTICS SUMMARY
According to this classification. It appears that the 
amount of adsorbed and absorbed water and the relative high 
amounts of clay minerals are the main differences between 
the expansive and the non-expans Ive groups. Since these 
parameters reflect the Internal surface area of the rock. It 
Is likely that the surface area characteristics ( I.e ., grain 
size, pore size and pore size distribution) are the main 
factors which determine the length changes of the rocks at 
room temperature.
It should also be noted that although three of the 
samples In the Inactive group displayed anomalous expansion 
at different stages of the treatment (relative to the other 
members of the group), the ACS of this group at room
temperature was continuously reduced until no further 
significant changes were observed (treatment with 10% NaCI).
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This might suggest that the recovery after cooling 
treatments was not completely elastic. Thus, the strain 
history was a contributing factor In determining this 
behavI o u r .
The effect of strain history can also be observed In 
the expansive and the sensitive groups. This, however, 
became apparent only at the end of the treatment as the 
samples In these two groups have displayed hysteresis.
5.3 THERMAL BEHAVIOUR
The Incremental length changes observed for each sample 
over a range of temperatures are displayed In Table 5.6. 
The strain values were calculated relative to the length of 
treated sample at room temperature. The average length 
changes observed for the three groups over a range of 
temperatures are displayed In Figures 5.6.a and 5.6.b . The 
following can be noted :
1) The amount of thermal strain that Is associated 
with the cool Ing of the saturated rocks, from room 
temperature to -3° C, Is usually higher than the thermal 
strain of dry samples when measured over the same range of 
temperatures. The samples for which this statement Is not 
true are marked with an asterisk In Table 5.4. It should be 
noted, however, that the cumulative strain for these samples
-77-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
T a b le  5 . 6 :  In c r e m e n ta l  th e r m a l s t r a i n  ( d L /L ) * 1 E 5
state: DRY DRY SATUR. SATUR. SATUR. SATUR. SATUR.
treatment: fr water fr water NaCI 3% NaCI 7% NaCI 10%
temp®C 63 -18 -18 -3 -3 -3 -3
expansive
B.larg 43.67 -21.48 -212.78 -213.81 -190.95 -191.29 -202.52
C.5argss 31.04 -28.88 —88.58 -80.20 -48.07 -39.81 -37.72
C.Sshale 13.04 -18.40 -141.02 -112.75 -88.41 -59.98 -78.36
I.Sarg 28.29 -31.40 -71.82 -83.33 -98.30 -88.04 -101.20
average 29.01 -25.04 -123.04 -122.52 -108.43 -94.28 -104.45
std dev 12.58 8.11 88.78 62.80 60.39 87.38 70.40
std error 17.46 8.48 95.44 88.89 83.82 93.53 97.72
osmosis sensitive
B.2dol 26.28 -33.48 -21.48 -34.45 -22.89 -18.74 -17.37
B.Sdol 4.26 -39.38 -34.04 -37.90 -20.45 -8.10 5.73
B.4dol 14.84 -38.20 -25.12 -28.22 -20.22 -13.71 -12.03
C.ldol 15.70 -24.48 -73 -80.95 -38.78 -25.02 -24.10
C.2dol 9.18 -27.44 -59.72 -54.35 -32.08 -12.54 -.76
C.Sdol 17.92 -21.98 -57.44 -68.88 -22.10 -9.57 13.39
D.4SS 2.58 -35.44 -87.40 -82.15 -19.27 -22.29 -19.09
F.ldol 17.63 -9 -22.80 -25.92 -13.80 -8.97 -8.95
H.llmst 6.11 -32.40 -37.24 -51.91 -52.85 -47.59 -82.54
1.1Imst 5.04 -23.98 -22.60 -22.98 -28.38 -28.80 -21.89
l.4lmst 8.61 -18.38 -11.52 -11.41 -7.08 -5.82 -1.82
L.l Imst* 1.80 -28.28 -8.92 3.34 .37 7.25 3.84
average 10.82 -27.88 -38.80 -37.97 -22.93 -15.50 -11.98
std dev 7.59 8.84 22.38 22.17 13.94 13.87 19.85
std error 4.80 5.80 14.20 14.08 8.88 8.81 12.83
osmosis Inactive
A.Idol 22.63 -41.88 -32.80 -25 -28.41 -30.82 -20.59
C.4dol 24.89 -23.68 -25.38 -18.84 -15.87 -11.04 -4.12
D.2dol 18.20 -25.98 -48.98 -25.39 -20.91 -13.25 -11.94
D.Sdol 34.93 -28.58 -37.40 -24.88 -18.29 -10.58 -4.99
E.1Imst 2.95 -10.88 -19.88 -30.45 -4.05 -1.79 7.38
E.2lmst 3.44 -7.04 -31.84 -28.08 -10.14 5.31 -3.22
F.2dol 9.84 -10.80 -27.32 -29.42 -14.95 -29.05 -12.54
F.SImst 6.52 -8.04 -33.48 -25.89 -2.85 -3.04 -10.01
G.lImst 4.39 -30.38 -18.44 -10.53 -7.84 -9.48 11.85
H.2lmst 5.84 -30.88 -18.60 -19.99 -17.73 -21.83 -21.94
J.llmst 13.82 -43.48 -38.80 -43.40 -31.49 -21.87 -29.37
J.2lmst* 18.74 -37.48 -20.48 -10.95 -19.99 -15.87 -14.33
l.2lmst* .94 -28.38 -7.28 -4.23 -12.97 -13.80 1.15
K.1Imst 2.58 -33.04 -31.98 -28.27 -29.39 -27.81 -47.29
M.1Imst* .01 -38.04 7.40 -7.94 1.88 -5.50 3.89
N.1Imst* 17.30 -31.38 -4.72 .92 -5.59 -2.53 .48
average 11.44 -28.80 -24.08 -20.82 -14.90 -13.29 -9.73
std dev 11.48 11.88 13.88 11.52 9.84 10.85 14.97
std error 8.15 8.28 7.44 8.19 5.29 5.70 8.03
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Is larger than the dry thermal strain over this range of 
temperatures.
2) The average osmosis sensitive sample contracts more 
than the average Inactive one when saturated with water and 
coo Ied.
3) The average saturated thermal strain (upon cooling) 
of the expansive samples Is larger by one order of magnitude 
relative to the averages of the other two groups.
4) Most of the samples display slight expansion upon
dry
mem
" -ro iT ÏT T in rriiT iï
m iuiiE 10
Figure 5.6.a: Average Incremental 
observed for the expansive group.
thermal strain
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deep freezing (-18° C ) , since the cooling path does not 
continue linearly down from —3°C to — 18°C .
5) The cumulative strain upon Immersing the samples In 
3% NaCI solution for non-expans Ive groups. Is equivalent to 
the thermal strain experienced by the water saturated rock 
on going from 22° C to -3° C. The Incremental difference 
between the strain In fresh water and the strain In saline 
solution Is maintained even when the samples are cooled.
10
M5
inictiv! gmu;
iTiili
im uiiE  (Cl
Figure 5.6.b : Average Incremental thermal
observed for the non-expans Ive groups.
straIn
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5-4 CAPILLARY MODEL
5.4.1 THERMAL CONTRACTION OF WATER AND CAPILLARY TENSION
A quantitative model based on the capillary theory was 
developed to explain the thermal strain of the saturated 
rock cores.
The abI I Ity of rocks to absorb and adsorb water 
Indicates the existence of an Internal Interconnected 
cap I I lary network with a wide range of smal I cap I I lary sizes 
(5E-8 to IE-2 cm). After Immersion In water the capillaries 
In the rock will be completely filled. The tensile force 
which has developed In these capillaries during the pore 
filling will be dissipated and no further tension will 
develop. If the sample Is taken out of the bulk solution 
and surface-dried at room temperature, the tensile stress 
will rise again as the rock dries and curved menisci begin 
to form In the capillaries. Dunn and Hudec (1965) have 
stated that drying Is determined by the evaporation of water 
from the surface of the menisci under conditions of reduced 
humidity. They noted further that this evaporation Is slow 
and even reaches a minimum under freezing conditions. If, 
however, the surface-dry saturated rock sample Is cooled, 
and the thermal contraction of water over a range of 
temperatures Is larger than the thermal contraction of the
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rocks, curved menisci will be formed In the filled 
capillaries and the hydrostatic tension will rise rapidly In 
spite of the slow rate of evaporation.
To compare between the contraction of water and rocks 
over a range of temperatures, a bulk water was assumed to be 
confined In a core with no resistance to stress. The linear 
component of the dilation of water over a range of
temperatures was then calculated. The calculations are 
outlined In Table 5.7.
Table 5.7: LINEAR STRAIN OF WATER 
(after Harnick et al., 1980)
temp. spc. vol volume linear change relative 1 inear
to volume at TO - 22°C strain
(dV/area) X 2
C cc/gm CO cm cm/cm
0 1.0001 15.269 -.0025 -4.18E-4
4 1 15.268 -.0026 -4.31E-4
10 1.0003 15.272 -.0023 -3.92E-4
22 1.0033 15.318 0 0.(X)E+0
63 1.0225 15.611 .0150 2.51E-3
confining core at 4 ^
length : 6.000 cm Area : 39.017 sq cm
radius : 0.900 cm volume : 15.268 cu cm
Figure 5.7 displays the theoretical linear strain of 
the confined bulk water over a range of temperatures. The 
average thermal contraction of dry and surface-dry saturated 
rocks are super Imposed on the same diagram. It appears that 
the contraction of the water over a range of temperatures Is 
much larger than the average dry contraction of the rocks. 
Thus, If the pores are completely filled with water at room
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temperature the degree of saturation will be reduced upon 
cool Ing. Curved menisci will be formed In the cap I I lari es 
and the tensile forces will rise again. This might explain 
the fact that the contraction of the saturated rock cores 
over a range of temperatures was larger than the contraction 
of the dry cores.
w l,  core : k l k  m t i r  --)
!
A
i
\i
1
V
k e  lint
I
«
I
imm (Cl
Figure 5.7: Theoretical thermal strain of confined bulk 
w a t e r .
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5.4.2 HYPOTHESIS
The existence of curved meniscus within the capillary 
Implies the existence of Internal hydrostatic tension. This 
tension within a capillary tube can be calculated using Eq.
5.1 (Barrow, 1973).
PC - 2 • St » cos(Wa) / r (Eq. 5.1)
W h e r e :
Pc » Capillary tension. Pa.
St - Surface tension, N/m
Wa - Angle between the water surface and capillary 
w a I l s  surface.
r - Capillary radius, m.
If elastic behaviour of rocks Is assumed, then for a 
given strain value the deforming stress can be calculated 
using Hooke's law:
Stress - E « Strain (Eq. 5.2)
Where :
E » Young's modulus of elasticity.
If this stress Is related to capillary tension, and 
the surface tension between the capillary liquid and the 
solid Is known, by substitution Into Eq. 5.1 an average 
capillary radius, which Is responsible for the strain of a 
saturated rock-sample, can be calculated.
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5-4.3 CAPILLARY STRAIN - DEFINITION
It has been shown that after saturation the 
rock-sample undergoes higher thermal strain relative to dry 
samples. It Is likely that the thermal properties of the 
minerals making up the rocks do not change upon saturation. 
Therefore, when a saturated rock-sample Is cooled, the 
total contraction of the rock Is a combination of the dry 
thermal contraction of the rock, together with a strain 
which Is being forced by the capillary tension. The 
additional contraction Is attributed to contraction of 
capillaries and It Is defined as Capillary Strain.
Capillary strain can be calculated by subtracting the 
dry thermal strain of a rock-core from the saturated 
thermal strain.
5-4.4 CAPILLARY RADIUS AND MODULUS OF ELASTICITY
Some theoretical calculations were Initially applied 
to study the relations between strain, capillary radius and 
modulus of elasticity. The following assumptions were 
considered to be valid for these calculations:
1) When saturated rock-sample Is cooled, any 
contraction beyond the normal dry contraction of the rock Is 
considered capillary strain.
2) The capillaries are equally distributed within a 
rock sample.
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3) The magnitude of the capillary tension Is dependent 
on the average capillary radius within a rock sample.
4) The adsorbed layer of water provides a contact 
angle of 180 between the surface of the water and the 
surface of the cap I Ilary waI Is.
5) Cap I I lary water does not freeze at —3°C.
6) Surface tension of supercooled fresh water at -3°C 
Is 7.608E-2 N/m.
7) Cooling strain Is elastic.
The average capillary radius was calculated for 
theoretical rock-cores which display strain values similar 
to the average strain of the three groups defined before 
(expansive, sensitive and Inactive groups). In addition, two 
theoretical cores (A and B) which display low values of 
capillary strain were added to these calculations. The 
common values of modulus of elasticity for rocks similar to 
those used In this study range from 10 GPa to 100 GPa (Lama 
and Vutuk u r I , 1978). The capillary radius for these five
theoretical cores was then calculated using five values of 
Young's modulus within this range.
The calculations are presented In Table 5.8.a where 
the capillary strain for each core Is defined In the first 
column and the values of the chosen moduli of elasticity are 
presented In the uppermost row. The matrix displays the
amount of stress required to cause the defined strain under
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T a b le  5 . 8 :  CALCULATION OF CAPILLARY RADIUS IN  FRESH WATER
MODULUS OF ELASTICITY - E (GPa) 
10 30 50 70 100
CORE
CAPILLARY
STRAIN*1E5 Stress - E • Strain ■ Pc (KPa)
A -1 -1.00E+2 -3.00E+2 -5.00E+2 -7.00E+2 -1.00E+3
B -5 -5.00E+2 -1.50E+3 -2.50E+3 -3.50E+3 -5.00E+3
INACTIVE -15 -1.50E+3 -4.50E+3 -7.50E+3 -1.05E+4 -1.50E+4
5.8.a SENSITIVE -25 -2.50E+3 -7.50E+3 -1.25E+4 -1.75E+4 -2.50E+4
EXPANSIVE -110 -1.10E+4 -3.30E+4 -5.50E+4 -7.70E+4 -1.10E+5
CORE STRAIN CAPILLARY RADIUS - 2*St*cos(Wa)/Pc (cm)
A -1 1.52E-4 5.07E-5 3.04E-5 2.17E-5 1.52E-5
B -5 3.04E-5 1.01E-5 6.09E-6 4.35E-6 3.04E-6
INACTIVE -15 1.01E-5 3.38E-6 2.03E-B 1.45E-6 1.01E-6
5.8.b SENSITIVE -25 6.09E-6 2.03E-6 1.22E-6 8.69E-7 6.09E-7
EXPANSIVE -110 1.38E-6 4.61E-7 2.77E-7 1.98E-7 1.38E-7
)t - Surface tenSurfaca tension - 76.08E-2 N/m Wa - Wetting angle - 180°
each modulus. It should be noted that the magnitude of 
stress exceeds the tensile strength of the common 
sedimentary rock. Since the rock cores were not confined, 
the stress can be considered as point stress. The strain 
rates under these conditions were relatively slow and the 
rocks were deformed without failure (Hudec pers. c o m m . , 
1986). Table 5.8.b displays the derived capillary radius 
that Is required to deform the sample to a certain strain 
value under each modulus of elasticity.
Figure 5.8 Is a semI- IogarIthmIc plot which displays 
the derived relations between the average capillary radius, 
cooling strain, and modulus of elasticity. The capillary
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radius values are plotted on the lower abscissa and the 
strain Is on the ordinate. The curves defining the modulus
of elasticity were derived after drawing the line of best
1 11
Diicuiittd Vile; iipon
91 Eiismity
I I I I J I I  I I I I' I 111iü  iU  
w iu iN  lunus (h )
Figure 5.8: Cooling strain (capillary strain) versus 
capillary radius.
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fit through the points that represent the calculated
capillary radius for a given strain for each modulus of 
eI a stIcIty.
From Figure 5.8 and Table 5.8 It can be seen that :
a) As the modulus of elasticity Increases, a smaller 
capillary radius would be required to stress a sample to a 
certain strain.
b) The range of capillary radius required to cause 
strain In the theoretical cores Is between 1.52E-4 cm to 
1.38E—7 cm.
5.4.5 CAPILLARY RADIUS UPON SALT TREATMENT
It has been shown that the cumulative strain at room 
temperature after 3% NaCI solution treatment Is equivalent 
to the thermal strain experienced by water saturated rocks 
on going from 22® C to -3° C. From the literature (Weast,
1975) It appears that the surface tension of water
Increases with Increasing salinity. However, the surface 
tension of supercooled fresh water at -3° C Is higher than 
the surface tension of 3% NaCI solution at room temperature 
since the surface tension also Increases with the reduction 
of temperature. Therefore, the capillary radius was
recalculated for the theoretical cores which were described
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earlier and the capillary rad I I were compared to 
capillary rad I I that were calculated for the fresh-water 
treated samples.
Table 5.9: CALCULATION OF CAPILLARY RADIUS AFTER 3% NaCI TREATMENT
MODULUS OF ELASTICITY - E (GPa) 
10 30 50 70 100
CORE
CAPILLARY
STRAIN*1E5
CAPILLARY TENSION - Pc 
PC - E • Strain (KPa)
A -1 -1.00E+2 -3.00E+2 -5.00E+2 -7.00E+2 -1.00E+3
B -5 -5.00E+2 -1.50E+3 -2.50E+3 -3.50E+3 -5.00E+3
INACTIVE -20 -2.00E+3 -6.00E+3 -1.00E+4 -1.40E+4 -2.00E+4
5.9.a SENSITIVE -40 -4.00E+3 -1.20E+4 -2.00E+4 -2.B0E+4 -4.00E+4
EXPANSIVE -120 -1.20E+4 -3.60E+4 -8.00E+4 -8.40E+4 -1.20E+5
CORE STRAIN CAPILLARY RADIUS - 2*St*cos(Wa)/Pc (cm)
A -1 1.57E-4 5.23E-5 3.14E-5 2.24E-5 1.57E-5
B -5 3.14E-5 1.05E-5 6.28E-6 4.49E-6 3.14E-6
5.9.b INACTIVE -20 7.85E-6 2.62E-6 1.57E-6 1.12E-6 7.85E-7
SENSITIVE -40 3.93E-6 1.31E-6 7.85E-7 5.61E-7 3.93E-7
EXPANSIVE -120 1.31E-6 4.36E-7 2.62E-7 1.87E-7 1.31E-7
St - Surface tension ■ 78.50E-2 N/m Wa - Wetting angle - 180®
The capillary strain used In this calculation Is
similar to the strain experienced by salt— treated rock
samples. The same assumptions as for calculating the radius 
for the fresh-water treatment were used In this case except 
for the value of surface tension which was Increased
proport IonaI I y to the Increase of salinity. The calculations 
are presented In Table 5.9.
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A regression of the capillary radius calculated after 
salt treatment on the capillary radius calculated after 
fresh-water treatment. Is presented In Figure 5.9. It 
appears that the average capillary radius was reduced by 35, 
22 and 5% for the sensitive. Inactive and expansive samples 
respectively. The significance of these results will be 
discussed In the following chapters.
nlE*5j
inactivesaHpIe p
saMPle
sawpleexpansive
01E-?
Figure 5.9: Regression of capillary radius under salt
treatment on capillary radius under fresh water 
tr eatment.
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5.4.6 CONCLUS IONS
Based on the capillary model It appears that :
1) The change In dimensions of surface-dried saturated
rock-sample are determined by the elasticity of the sample 
and on the average capillary size within the sample.
2) The strain of a saturated rock-sample Is greater
upon cooling when the capillary radius within the samples
d e c r e a s e s .
3) The theoretical range of capillary radius required 
to cause strain under these calculations Is between 1.52E-4 
cm to 1.31E-7 cm.
4) The average capillary radius within a sample Is 
reduced upon treatment with N a C I .
^•5 SIGNIFICANCE OF THE CAPILLARY MODEL
S'5.1 CAPILLARY SIZES CALCULATED FROM EXPERIMENTAL DATA
In this section the validity of the theoretical model 
and the significance of the parameters that were defined 
by that model were examined. The average capillary radius 
Under fresh-water treatment and 3% NaCI solution was 
calculated for each sample. The actual capillary strain, 
modulus of elasticity, and the calculated capillary radius 
are presented In Table 5.10.
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T a b le  5 . 1 0 :  C a l c u l a t i o n  o f  c a p i l l a r y  r a d iu s
fresh water treated samples salt treated samples
sample density young's strain stress capillary strain stress capillary
modulus radius radius
expansive g/cm cu GPa cm/cm KPa cm cm/cm KPa cm
B.larg 2.669 58.16 -2.01E-3 -1.17E+5 1.30E-7 -2.27E-3 -1.32E+5 1.19E-7
C.Sargss 2.360 • 24.30 -6.36E-4 -1.55E+4 9.85E-7 -7.69E-4 -1.87E+4 8.40E-7
C.Gshale 2.634 •• 31.15 -1.02E-3 -3.18E+4 4.78E-7 -1.15E-3 -3.58E+4 4.38E-7
1.3arg 2.621 53.76 -6.53E-4 -3.51E+4 4.34E-7 -6.87E-4 -3.69E+4 4.25E-7
average 2.571 41.84 -4.99E+4 5.07E-7 -1.22E-3 -5.59E+4 4.55E-7
sensitive
B.2dol 2.691 60.27 -1.52E-4 -9.16E+3 1.66E-6 -3.29E-4 -1.99E+4 7.91E-7
B.Sdol 2.592 51.23 -1.53E-4 -7.82E+3 1.95E-6 -3.90E-4 -2.00E+4 7.85E-7
B.4dol 2.600 51.92 -6.26E-5 -3.25E+3 4.68E-6 -2.33E-4 -1.21E+4 1.30E-6
C.ldol 2.728 63.94 -4.69E-4 -3.00E+4 5.08E-7 -6.24E-4 -3.99E+4 3.93E-7
C.2dol 2.432 38.86 -3.86E-4 -1.50E+4 1.02E-6 -6.01E-4 -2.34E+4 6.72E-7
C.3dol 2.668 58.06 -5.60E-4 -3.25E+4 4.68E-7 -4.55E-4 -2.64E+4 5.95E-7
D.4SS 2.459 • 24.30 -4.18E-4 -1.02E+4 1.50E-6 -4.95E-4 -1.20E+4 1.31E-6
F.ldol 2.644 55.83 -2.08E-4 -1.16E+4 1.31E-6 -4.39E-4 -2.45E+4 6.40E-7
H.llmst 2.777 69.07 -3.33E-4 -2.30E+4 6.62E-7 -5.42E-4 -3.74E+4 4.19E-7
1.1Imst 2.760 67.26 -9.20E-5 -6.19E+3 2.46E-6 -3.44E-4 -2.31E+4 6.79E-7
1.4lmst 2.769 68.22 -1.10E-4 -7.54E+3 2.02E-6 -1.38E-4 -9.40E+3 1.67E-6
L.llmst 2.641 55.56 -1.96E-4 -1.09E+4 1.40E-6 -3.30E-5 -1.83E+3 8.57E-6
average 2.647 55.38 -1.45E+4 1.59E-6 -2.08E+4 1.49E-6
inactive
A.idol 2.662 57.50 -1.79E-5 -1.03E+3 1.48E-5 -2.24E-4 -1.29E+4 1.22E-6
C.4dol 2.401 36.76 -5.22E-5 -1.92E+3 7.93E-6 -9.92E-5 -3.64E+3 4.31E-6
D.2dol 2.863 78.84 -1.05E-4 -8.25E+3 1.84E-6 -3.17E-4 -2.50E+4 6.28E-7
D.Sdol 2.596 51.57 -9.59E-5 -4.95E+3 3.08E-6 -2.57E-4 -1.32E+4 1.19E-6
E.llmst 2.685 59.69 -2.42E-4 -1.44E+4 1.05E-6 -3.41E-4 -2.04E+4 7.71E-7
E.2dol 2.603 52.18 -2.40E-4 -1.25E+4 1.21E-6 -4.24E-4 -2.21E+4 7.09E-7
F.2lmst 2.300 30.51 -2.32E-4 -7.08E+3 2.15E-0 -4.15E-4 -1.27E+4 1.24E-6
F.SImst 2.513 44.79 -2.1 IE-4 -9.44E+3 1.61E-6 -3.50E-4 -1.57E+4 1.00E-6
G.llmst 2.709 62.03 -6.92E-5 -4.29E+3 3.54E-6 1.89E-4 1.17E+4 -1.34E-6
H.2lmst 2.766 67.90 -2.23E-5 -1.51E+3 1.OOE-5 -2.01E-4 -1.36E+4 1.15E-6
J.llmst 2.732 64.35 -1.84E-4 -1.18E+4 1.29E-6 -2.13E-4 -1.37E+4 1.15E-6
J.2lmst 2.766 67.90 -1.06E-4 -7.20E+3 2.11E-6 -4.1IE-5 -2.79E+3 5.62E-6
1.2lmst 2.687 59.88 -1.21E-4 -7.23E+3 2.10E-6 -4.22E-5 -2.53E+3 6.21E-6
K.llmst 2.748 66.00 -9.27E-5 -6.12E+3 2.49E-6 -2.90E-4 -1.91E+4 8.20E-7
M.llmst 2.508 44.41 -1.28E-4 -5.68E+3 2.68E-6 -7.54E-5 -3.35E+3 4.69E-6
N.llmst 2.758 67.05 -1.90E-4 -1.27E+4 1.20E-6 7.28E-5 4.88E+3 -3.22E-6
average 2.644 56.96 -7.26E+3 3.70E-6 -1.03E+4 1.63E-6
average sandstone average shale
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The values of Young's modulus of the carbonates were 
measured Indirectly using the relationship between the 
density of the rocks and Young's modulus of elasticity (Lama 
and VutukurI, 1978). The regression of Young's modulus
values on density Is presented In Figure 5.10. This 
regression line Is based on analyses of 66 carbonate rocks
8 =
S
1,(5 1,9 2,15 2,4
n n  (]/{» cu)
2,(5 2,9
Figure 5.10: Regression of Young's modulus of
elasticity on density of carbonates.
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from all over the world. The average values of Young's 
modulus for sandstones and shales were assigned to the 
non-carbonate rocks, respectively.
Figure 5.11 displays the relationship between the 
cooling strain of fresh-water treated samples and average 
capillary radii of all the samples In this experiment. To
«aim ; uponactua
Elastic! t«50 3 Ca
CIPIM101103 (on)
Figure 5.11: Cooling strain versus capillary radius
calculated for each sample.
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show the theoretical boundaries relative to the position of 
the actual data the theoretical elasticity curves were 
super Imposed on the same diagram. It appears that the radii 
of the capillaries for the samples In this study are between 
3E—5 cm to IE—7 cm.
5.5.2 CAPILLARY RADIUS UPON SALT TREATMENT
The values of capillary radius calculated under salt 
treatment (salty radius) are presented In Table 5.10. 
Regression of the salty rad I I on the cap I I lary rad I I 
calculated under fresh-water was performed and the relations 
are displayed In Figure 5.12. The principal diagonal defines 
a line along which the radius In salt solution Is equal to 
the radius In fresh water. It appears that the samples with 
a small capillary radius underwent a small change upon salt 
treatment. H o w e v e r , the capillary radius for the samples 
with the larger capillaries was decreased by an almost 
order of magnitude. Similar behaviour was observed by Hudec 
(1980b) who showed that rock-sampI es exhibiting low total 
expansion In fresh-water, showed higher strain when 
subjected to salt, and where high Isothermal strain existed 
the salted rocks showed a decrease.
— OS-
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Figure 5.12: Regression of capiiiary radii, vaiues
under sait treatment on the vaiues under fresh water 
tr eatment.
Five samp i es (marked as outiiers in Figure 5.12) which 
dispiayed a theoreticai increase in the capiiiary radius 
upon sait treatment were exciuded from this anaiysis. The 
samp i es were L.limst, J .2 imst, i.2 imst, M . 1 imst and
—97—
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N.llmst. A M  these samples were classified as 
frost— sensitive limestones and were a i so defined as fair 
quality aggregate after soundness testing. Since the salt 
treatment was preceded with a freezing cycle and a cooling 
cycle, these observations might suggest that Initial damage 
owing to the strain history has already occurred to these 
susceptible samples at this stage of the treatment ; and 
thus, they display anomalous length changes. The fact that 
they form a separate cluster may be used to differentiate 
freeze-thaw sensitive samples from others.
5.5.3 DISCUSSION ON THE EFFECT OF SALT
it appears from the preceding section that there is an 
increase in capiiiary tension in the presence of salts. 
This change is expressed by the reduction of the effective 
capiiiary radii upon salt treatment. Such a reduction 
would be possible upon examining the size of the hydrated Na 
cations. To highlight the significance of the hydrated size 
of the cations one can calculate the relative volume 
occupied by the hydrated Na cations within a bulk solution.
The hydrated radius of the sodium cations ranges
o
between 5.6 and 7.9 Angstroms (Pagano and Cady, 1982). For 
the purpose of volume calculation, a known quantity of NaCi 
is assumed to be dissolved in a volume unit of water. By 
calculating the molarity vaiues of the salt within the
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water and assuming Avogadro's number of particles per mole, 
the theoreticai volume proportion occupied by the hydrated 
sodium particles can be found. An example of the 
calculation is presented in Table 5.11. it appears that 
even in the lower NaCi concentrations (such as 3 percent),
TABLE 5.11: Calculation of the proportion of the hydrated volume.
c water « Molarity # volume of vol cat.
volume moles hydrated Na Na vol water
NaCI (CO) (water) (salt) cations cations (CO) (%)
3 2.21E-15 1.23E-16 1.14E-18 6.84E+5 8.81E-16 39.84
7 2.21E-15 1.23E-16 2.65E-18 1.60E+6 2.06E-15 92.95
10 2.21E-15 1.23E-16 3.78E-18 2.28E+B 2.94E-15 132.76
the hydrated sodium cations can occupy up to 40% of the 
liquid's volume. T h u s , the magnitude of the hydrated size of 
the cations cannot be neglected.
Hudec (pers. c o m m . , 1986) states that the sodium
cations will be adsorbed to the surface of the soiid pores 
by cation exchange. Due to the size of the hydrated cation, 
the adsorbed film of ordered water will thicken. Since the 
effective radius of a capiiiary within the rock is measured 
from the surface of the adsorbate to the center of the 
capiiiary, it may be reduced after salt treatment. This 
effect will be more prominent in the larger size capillaries 
since the thickness of the adsorbate ranges from 0.5 to 5E-7 
cm (Anderson, in Rigbey, 1980) and it is comparable to the 
radius of the smallest capillaries.
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The cations exchange capacity of the carbonate rocks is 
relatively small. Therefore, higher concentrations will not 
necessarily increase the effect of salt on the thickness of 
the adsorbate. This consideration might explain the fact 
that there were no significant differences, for most of the 
expansive and the osmos i s— sens i 11ve rocks, between the 
strain in room temperature after treatment with 7% NaCi and 
10% NaC i.
Due to the lower vapour pressure of the saline solution 
in the brine-saturated rocks, the introduction of these 
rocks to fresh water, will result in suction of water 
towards areas with high salt concentration and subsequently 
expansion by an osmotic pressure. This type of expansion 
was observed in the osmosis—sensitive and expansive rocks. 
The osmotic pressure will dissipated as the the pore fluid 
will dilute by means of diffusion.
5.5.4 PREDICTION OF CAPILLARY RADIUS
A regression anaiysis was performed in an attempt to 
establish predictors based on simple laboratory procedures 
that will allow the prediction of the parameters which were 
defined by the capiiiary model.
The capiiiary radius vaiues under fresh water treatment 
was regressed on the following parameters :
— 1 OO—
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1 - Log Insoluble residue.
2 - Log adsorption at 98% R.H.
3 - log grain size.
Table 5.12: prediction of oaplllary radius
variable correlation Intercept slope prob > F n
log. Insol -0.6508 -5.5709 -0.4198 0.0001 28
log. adsorb -0.5238 -6.1506 -0.2310 0.0060 27
log. gralnsz 0.5928 -4.6162 0.4099 0.0017 26
Log-Log scales were used to normalize the distribution 
of the variables. Each variable was then rechecked for 
skewness and the outiiers were excluded. in the regression 
of the capiiiary radius parameter on the grain size 
parameter the sandstones (samples C.Sss and D.4ss) were 
excluded as well. The regression products are dispiayed in 
Figures 5.13, 5.14 and 5.15, and summarized in Table 5.12.
The equation of the line of best fit is given to show the 
trends of the correlations and it is:
log y ■ b log x + log c (Eq. 5.3)
Although the correlations are low, the relations are still 
significant to a 95% confidence level. The trends of the 
correlations indicate that small grain size and high alumina 
and silica content will result in smaller capiiiary radius;
- 1 0 1 -
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the amount of adsorbed water at 98% R.H. Is Increased with 
the reduction of the average capiiiary sizes within a rock 
samp i e .
 ^ I ,1; 1:2 1,'fi Ù  1,'îi
IKIOKIII
Figure 5.13; Plot of capiiiary radius versus acid 
insoluble residue.
102 -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
An attempt was made to Improve the prediction of the 
capillary radius parameter by using a stepwise regression 
procedure. The steps of the regression are outlined In Table 
5.13. The following parameters were used as the Independent 
varIabI es :
Figure 5.14: Plot of capillary radius versus percent 
adsorption at 98% R . H . .
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1 - Log Insoluble residue (log Insol).
2 - Log adsorption at 98% R.H. (log adsorb).
3 — Log surface-dry absorption (log a b s s d ) .
The grain size parameter was excluded during the 
execution of the stepwise procedure since Its contribution
■3i5 "3,4 "3,1 -2,3 -2,6 m MIH 3I2E (ml
Figure 5.15: Plot of capillary radius versus grain 
s I ze.
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to prediction was negligible; that Is, the variance 
explained by the grain size parameter Is already Included In 
the other Independent variables.
The capillary radius parameter defined by strain was 
regressed on the calculated parameter which was defined by 
the stepwise procedure. The regression Is displayed on 
Figure 5.13. It appears that the ability to predict the 
capillary radius was Improved with the higher correlation 
coefficient. Although correlation Is still low It Is now 
significant on a 99% confidence level.
Table 5.13; Stepwise regression model
dependent : log cap radius B-va lues and variables
n - 28 1 2 3 prob > F
R-squr. Intercept var B-value var B-value var B-value model
0.4201 -5.6039 log Insol -0.3487 0.0004
0.4689 -5.8658 -0.2301 log adsorb -0.1435 0.0005
0.5532 -5.9046 -0.1768 -0.1757 log abssd -0.2558 0.0005
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Figure 5.16: Regression of capillary radius defined by
strain on calculated parameter defined by stepwise 
regression procedure.
-106-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.6 DURABILITY PREDICTION
Some significant relationships were established between 
the durability of the rocks, which was studied by means of 
soundness testing, and some other rock characteristics which 
were defined In this study. The soundness loss parameter 
(dependent variable In this analysis) Is a simple average
Table 5.14: Regression of log soundness-loss parameter 
on loss after soundness tests.
variable <correlation Intercept slope prob > F n
log loss on 
freeze-thaw test 0.8110 0.5329 0.4704 0.0001 32
log loss on 
MgS04 test 0.9496 -0.1047 0.9542 0.0001 32
between the loss after the freeze— thaw test and the loss 
after magnes Ium-suI fate test. This parameter was chosen as a 
representative since It has high correlation with both the 
freeze-thaw and magnes Ium-suI fate tests (see Table 5.14), 
and It has a relatively higher correlation with the 
predictors (Independent variables).
The soundness loss parameter was regressed on the 
following variables:
1 — Log Insoluble residue.
2 — Log adsorption at 98% R.H..
3 - Log capillary radius under fresh water treatment.
-107-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The regression products are displayed In Figures 5.17, 
5.18 and 5.19, and summarized In Table 5.15.
The correlation between the amount of acid Insoluble 
residue In a rock and the amount loss after soundness
Table 5.15: soundness loss prediction
variable correlation Intercept Slope prob > F n
log Insol 0.8194 -0.0749 0.7997 0.0001 31
log adsorb 0.6006 1.0708 0.4731 0.0007 28
log cap. rad -0.5563 -3.2734 -0.6571 0.0015 30
testing Is high and linear. Similar relationships were 
derived by others (Dunn and Hudec, 1966; Rogers, 1977; 
Hudec, 1980a) and were attributed to the presence of clay 
and chert minerals. These, as explained before, tend to 
reduce the average grain and pore size, thereby Increasing 
the Internal surface area of the rock. With larger surface 
area, the susceptibility of the rock to expansion and 
contraction upon wetting and drying will Increase.
Hudec (1980a) has explained: "Repeated wetting and
drying of aggregate, occasioning large linear or volume 
change, or both, will tend to destroy the InterpartIcIe 
cement bond and the rock will deteriorate by map cracking." 
He has considered that wetting and drying near the freezing 
temperature range Is potentially most destructive. He has 
also stated that freezing and thawing of a saturated rock Is
— 10S-
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simply an action of drying and wetting In the freezing 
range. This seems to coincide with the capillary model as It 
was shown before that the cooling of saturated rocks Is 
equivalent to drying.
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Figure 5.17: Regression of soundness loss on acid 
Insoluble residue.
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If the loss upon soundness testing Is a function of 
susceptibility to wetting and drying cycles, then It should 
be expected that less durable rocks will display smaller 
pore size. Although the correlations between the soundness 
loss parameter and the other two predictors are low, the 
trend of the correlations (significant to a 95% confidence
■I -1,1 Ï -,^s -,i5
Figure 5.18; Plot of soundness loss versus adsorption 
at 98 percent R.H.
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level) seem to support this hypothesis. Thus, It can be said 
that less durable rock has smaller pore size and It adsorbs 
more water at 98% R.H.
These results substantiate H u d e c 's hypothesis (1977) 
that the durability of the rock Is a function of Its 
Internal area and the forces acting within It.
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Figure 5.19: Plot of soundness loss versus capillary 
radius defined by strain.
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5.7 FROST BEHAVIOUR
5.7.1 INTRODUCTION
The dimensional changes of the saturated rock— samp I es 
under freezing conditions (— 18® C) were determined and the 
results were presented In Figure 5.3. It appears that all 
the samples have undergone a slight expansion at -18°C 
relative to the dimensions at —3® C. It should be n o t e d , 
however, that only one data point In the freezing range was 
obtained for each sample. Therefore, the actual strain path 
of the saturated rock-sampI es upon freezing cannot be 
proper I y evaluated from these observations.
Nevertheless, the chapter describes the theoretical 
strain of Ice along a temperature gradient equivalent to the 
one In this study, and the potential behaviour of the 
saturated rocks upon freezing Is discussed.
5.7.2 THEORETICAL EXPANSION OF ICE IN ROCKS
In an equI I Ibrlum state bulk water freezes at 0° C and 
there Is a volume Increase of about 9% since the formed Ice 
Is less dense than the water. The rate of freezing, 
however. Is governed by the rate of heat removal. Since for 
each gram of water some 80 calories are produced, the larger 
the volume of the water the more heat must be removed.
- 112-
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The amount of water In a rock Is relatively small. The 
volume of the rock, because of Its greater heat capacity, 
provides a heat sink which Is sufficient to absorb any heat
Table 5.16: Percent of Instantly freezable water In typical 
rock for a given degree of supercooling.
(after Dunn and Hudec, 1966)
degree of araomt of freezable water * 100
supercooling (k) freezable water (gm) absorbed water
-1 0.126 9.33
-2 0.252 18.60
-4 0.594 37.30
-6 0.756 55.98
-8 1.008 74.64
-10 1.260 93.33
-12 1.512 112
assumed: a - thermal capacity of the rock - 0.21 cal/gm/k 
b - heat fusion of Ice, at -9®C - 75 cal/gm 
0 - weight of the rock - 45 gm 
d - amount of absorbed water - 3 percent by weight 
e - all the abosrbed water Is freezable.
produced by the freezing of the contained water. H o w e v e r , 
for each degree of supercooling, depending on the volume of 
the rock, only a certain amount of water Is Instantly 
freezable. The relationship between the amount of water 
Instantly freezable per 45 grams of rock and the degree of 
supercooling Is given In Table 5.16.
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For the proceeding calculation, a core with an average 
length of 6 cm, diameter of 1.8 cm and weight of 45 g was
chosen as representative.
The theoretical thermal expansion of Ice Is displayed 
In Figure 5.20. Line A describes the relative expansion of 
unconfIned Ice where the heat of crystallization Is
immediately being removed upon freezing. The strain upon 
further cooling was calculated from the coefficient of
thermal contraction of Ice on this range of temperatures 
which Is 55*1E— 5 dL/L/dT (Fletcher, 1970). Line B describes 
the expansion of the same quantity of Ice when the heat 
removal Is dependent on the heat capacity of the rock. It
should be noted that If all the absorbed water Is
potentially freezable under these conditions the maximum
expansion Is expected to occur at around — 10°C.
Ounn and Hudec (1966), however, have observed that when 
freezing did take place In saturated rock-sampI es not all 
the contained water actually froze (between 50 to 100% for 
sound samples and less than 50% for frost— sens 111ve 
samples). Oue to this phenomenon the expected magnitude of 
Ice expansion should be reduced and the pick of maximum 
expansion should therefore occur at a higher temperature
(— 5® C ) . Beyond the maximum expansion. Ice Is expected to
contract according to Its coefficient of thermal 
contract I o n .
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The potential expansion of the rock upon freezing can 
be calculated If the deforming stresses are known and
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Figure 5.18: Theoretical strain of Ice.
-115-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
elastic behaviour Is assumed. For the purpose of these 
calculations It Is assumed that nucI eat I on of Ice begins at 
zero degrees cent I g r a d e .
The modulus of elasticity of Ice Is 9.4 GPa (Fletcher, 
1970). Therefore, If all the expansion of the Ice (25*IE-5 
dL/L) Is held back, the associated stress will be 2.35*1E3 
KPa. The average modulus of elasticity of the rocks under 
this study Is 55 GPa. Therefore, the expansion magnitude of 
the theoretical rock-core under these conditions should not 
exceed 4.27*1E—5 (dL/L). It appears that the strain of the
theoretical rock-core would be smaller by a factor of five 
relative to the actual strain of Ice. It Is also clear that 
the magnitude of expansion upon freezing would be smaller 
than the cooling strain of water saturated rock-cores on 
going from 22® C to -3® C. This, however, would be dependent 
on the amount of freezable water within the rock.
It Is apparent according to these calculations, that 
the maximum dilation of rocks upon freezing should occur 
above — 18° C. The slight expansion of the rock-cores at this 
temperature could, therefore, be a remanence of this 
expans I o n .
— 11 6—
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5.7.3 COMMENTS
It Is known that absorbed water In porous materials 
tends to supercool (Dunn and Hudec. 1966; Harnick ejt a I . , 
1980); that Is, water will not freeze at 0°C. Therefore, the 
assumption that Ice begins to nucleate at this temperature 
may not be total I y val Id.
H o w e v e r , according to the preceding calculations It 
appears that the actual thermal strain path of saturated 
rock core upon freezing. Is determined by the following 
parameters :
1) Modulus of elasticity under saturation conditions.
2) Sorption characteristics of the rocks.
3) Heat capacity of the rocks.
4) The degree of supercooling of the pore fluid.
-117-
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6 SUMMARY AND CONCLUSIONS
6.1 SUMMARY
It has been shown In the preceding chapter that after 
cyclic treatment of water and brine of different
concentrations, the cumulative strain experienced by 
saturated sedimentary rocks, at room temperature, can be 
classified Into three categories. The strain of samples In 
two of the categories (expansive and osmosIs—sens 111ve) 
Indicated an existence of an osmotic cell between
salt-treated rock and bulk fresh water. The strain of the
samples In the third category (osmosIs-InactIve) was
predominantly affected by the strain history, which 
encountered cooling stages between the measurements at room 
temperature.
It was shown that the average cooling strain of 
water-saturated rocks Is larger than the equivalent under 
dry conditions. The additional strain was attributed to
capillary forces within the saturated rocks. The magnitude
of this strain was used to calculate the average 
capillary radius within the rock-sampI es under treatment. 
After salt treatment the cooling strain of the saturated 
samples was enlarged. This was attributed to a reduction In 
the average effective capillary radius due to thickening of 
the adsorbed layers of water within the capillaries.
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Some significant relations were shown to exist between 
the capillary radius defined by strain and some other rock 
characteristics. The size of the capillaries was shown to be 
Inversely related to the amount of Insoluble residue and to 
the amount of water adsorbed at 98% R.H. A direct relation 
was shown to exist between grain size and capillary radius.
The durability of the rock, which was studied by means 
of a freeze-thaw test and a magnesium sulfate test, was 
found to be Inversely related to the amount of Insoluble 
residue and to the amount of water adsorbed at 98% R.H. 
Direct relations were shown to exist between the durability 
and the capillary radius defined by strain.
The data provided by this experiment was found to be 
Insufficient to evaluate the actual freezing path of 
saturated rock samples along a temperature gradient. Based 
on theoretical considerations, however. It has been shown 
that the expected expansion of saturated rock on freezing 
would be much smaller than the expansion, which would 
result from the 9% volume gain of water upon freezing.
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6.2 CONCLUSIONS
Based on the analysis of the experimental data In this 
s t u d y , the following conclusions can be drawn :
1) The capillary theory can be applied to rocks.
2) The length changes experienced by saturated rock 
cores are determined by the modulus of elasticity of the 
rock and the average pore size within It.
3) Salt treatment reduces the effective capillary sizes 
within a rock.
4) Osmotic conditions can be developed within rocks 
after salt treatment.
5) The rcovery of rocks after a cyclic treatment of 
water and brine which encounters a freezing stage and 
cooling stages may not be totally elastic.
6) Deleterious rocks were shown to have the following 
propertI es :
a - high content of Insoluble residue.
b - high expansion upon wetting.
c - high contraction upon cooling.
d — high adsorption at 98% R.H.
e - high absorption and degree of saturation upon 
Immersion In water.
7) The results of this experiment substantiate the 
hypothesis that the durability of the rock Is a function of 
Its Internal surface area and the forces acting therein.
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8) The amount of Insoluble residue was found to be the 
best predictor for durability of carbonate rock.
9) The degree of saturation of surface-dried saturated 
rocks may be reduced upon cooling.
10) The expected expansion of saturated rocks upon 
freezing would be determined by the amount of freezable 
water within It.
11) The STP solution was shown to affect deleterious 
rocks more than sound rocks.
6.3 RECOMMENDATIONS
This study, and some others done before, point out the 
relationship between the Internal surface area of the rock 
and potential deterioration. Therefore, aggregate testing 
should be based on the study of the Internal area
characteristics by direct or Indirect methods. Acid
Insoluble residue (HCI 6N) and adsorption at 98% R.H. were 
shown to be promising tests In this direction.
Surface treatment which will reduce the magnitude of 
the Internal forces would be of advantage. The research In 
this direction should be continued.
The effect of the STP In this study was examined only 
at room temperature conditions and only at the end of the 
cyclic treatment. At this stage of the treatment,
unrecoverable damage could have already occurred. It would
- 1 2 1 -
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be desirable, therefore, to evaluate the efficiency of the 
STP solution with a similar cyclic treatment when a portion 
of each sample will be pre— treated with the STP.
The relations between the capillary radius defined by 
strain and some other rock characteristics were shown to be 
significant. The validity of the magnitude of the calculated 
values should be examined by determining the pore size and 
pore size distribution using a mercury Injection 
porosIty-meter.
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APPENDIX 1
1 EQUIPMENT TESTING AND METHOD OF OPERATION
1.1 INTRODUCTION
The purpose of this test was to determine the accuracy 
of the LVDT comparator and to establish an analyzing 
technique that will allow a reliable measure of length 
change of rocks. By these tests, the error of the experiment 
will be established. Series of tests were, therefore, 
performed In order to define;
a - The optimum number of readings that has to be taken 
per core sample when the core Is placed between the arms of 
the LVDT.
b — The optimum number of rock cores required per 
sample to define Its behaviour under room conditions.
1.2 OPTIMUM NUMBER OF READINGS PER CORE SAMPLE
The ceramic standard core was placed between the arms 
of the L V D T . The scale on the fine LVDT was adjusted to 0.00 
(microns) and the scale of the coarse LVDT was caIIbrated to 
60.000 (mm).
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By turning the dial, the fine LVDT was taken out of 
scale (Indicated by flashing) and then brought back to 
scale. After readjusting the reading of the coarse LVDT to 
60.000, the number on the fine LVDT scale was recorded. The 
measurement was repeated twenty times.
Table 1.1: optimum number of readings.
observation fine Ivdt sub-group sub-group sub-group
# reading average stnd. dev stnd. error
(micron) (micron) (micron)
1 0
2 .1
3 -.5
4 •• 1.0
5 .4 0 .37 .48
6 -.1
7 -.2
8 0
9 .5
10 •* .7 .05 .31 .39
11 .2
12 • 1.5
13 -.3
14 .1
15 -.4 -.10 .29 .37
IB •• -.8
17 .1
18 .3
19 .5
20 -.2 .18 .30 .37
average 0.7 .03 .32 .40
stnd dev. 0.39 .11 .04 .05
stnd. error 0.15 .04 .01 .02
excluded from the group *• excluded from sub-group
Table 1.1 shows the observations that were recorded. 
One observation (* 12) was excluded from this analysis. The 
lower-most rows display the average, standard deviation and
— 1 24—
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the standard error about the mean of the 19 observations. 
The error defines a 95 percent confidence Interval which was 
derived from two— tails T test. It appears that the error 
about the mean of the group does not exceed j^O.15 microns.
Since the expected accuracy of the apparatus for this 
work need not be greater than jfO.5 microns. It allows the 
operator to reduce the number of observations required to 
significantly define the length of a rock-core sample. 
Therefore, the observations were divided to 4 sub-groups and 
the averages of the closest four out of five observations 
were calculated for each sub-group. It appears that the 
averages of the sub-groups are similar to the average of the 
whole group. The standard errors of the sub-groups are 
larger than the error of the group, however, they are still 
smaller than the minimum allowable error.
RECOMMENÇAT IONS:
When a core sample Is placed between the arms of the 
LVDT, the length has to be determined five times. By taking 
the average of the four closest readings, the length can be 
determined with an error smaller than +0.5 microns.
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1.3 OPTIMUM NUMBER OF CORES PER ROCK SAMPLE
The LVDT Is a sensitive apparatus by nature. An error 
could be forced by the temperature fluctuation of the 
environment or simply by misplacing the core between the 
arms of the LVDTs. The expected error of the LVDT under 
Isothermal conditions was defined In the text (chapter 2). 
It became apparent that the error In this experiment should 
not exceed jf2 cent I grade equivalents.
An experiment was performed on six rock cores. The 
length of every sample was determined once a day for 9 
consecutive days. The order of the measurements was 
different every day. The temperature In the laboratory 
during the experiment was 22 jfr2°C.
Table 1.2 displays the results of the experiment and 
the analysis of the data. Table 1.2.a displays the actual 
length of the samples. The m e a n , standard deviation and 
standard error about the estimate are displayed at the 
bottom of this table. The standard error about the estimate 
Is displayed In millimeters and dT equivalents. It can be 
seen that except for core * 5, the error for the nine
observations does not exceed the error which Is being forced 
by the temperatures fluctuation of the laboratory. One 
observation which was apart more than one standard deviation 
from the group average was excluded from each sample.
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since the measurements of eight cores per sample would 
be too time-consuming, an attempt was made to reduce the 
number of rock-cores per sample without Increasing the 
error. Table 1.2.b displays the difference of each 
observation from the group average In dT equivalent. The 
following equation was used to calculate the value of each 
cell In this matrix.
dT(x,y) - (average(y) - L(x,y)) / 6e-6 ( Eq. 1.1)
Where ;
average(y) - average of core y ; y - 1 to 6.
L(x,y) - Length of observation x In sample y ;
X - 1 to 9 .
6e-6 - The average coefficient of thermal
expansion for carbonate rocks (dL/L/dT).
Table 1.2.C displays the average difference from the 
sample average of three out of every four observations. The 
smoothed average Intervals are displayed In column 1. The 
maximum range of error among these estimates for each 
sample are displayed on the lower most row. It appears 
that according to this method, the range of error for all 
the samples does exceed the error which Is being forced by 
the environmental conditions.
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T a b le  1 , 2 :  O p tim u m  n u m b e r o f  c o r e s  p e r  s a m p le
core # : 1 2 3 4 5 6
observation LENGTH (mm) OF THE CORE SAMPLE
1 B1.0823 60.8742 64.1530 59.9850 59.5654 65.9207
2 B1.0825 60.8756 64.1540 59.9836 59.5658 65.9202
3 B1.0829 60.8737 64.1554 59.9836 59.5657 65.9202
1.2.a 4 *B1.0844 60.8752 64.1530 59.9833 59.5678 •65.9223
5 B1.0834 60.8742 64.1546 •59.9862 •59.5698 65.9197
• excluded B B1.0814 60.8743 64.1548 59.9848 59.5656 65.9188
from the 7 B1.0821 •60.8715 64.1529 59.9834 59.5650 65.9217
group a 61.0824 60.8726 64.1551 59.9834 59.5677 65.9209
9 B1.0832 60.8737 64.1547 59.9849 59.5666 65.9204
average B1.0825 60.8742 64.1542 59.9840 59.5662 65.9203
stnd. dev .0006 .0009 .0010 .0008 .0011 .0009
stnd. error .0005 .0007 .0008 .0006 .0008 .0007 mm
stnd. error 1.34 1.95 1.95 1.61 2.27 1.66 dT equlv.
THE DIFFERENCE BETWEEN THE OBSERVATION AND THE GROUP MEAN, dT equivalent
1 -.61 .03 -3.03 2.78 -2.24 .95
2 -.07 3.87 -.43 -1.11 -1.12 -.32
3 1.02 -1.33 3.20 -1.11 -1.40 -.32
4 4.55 3.59 -3.03 -1.94 4.48 4.44
1.2.b 5 2.39 .03 1.13 5.43 8.95 -1.58
B -3.07 .31 1.65 2.22 -1.68 -3.86
7 -1.16 -6.54 -3.29 -1.67 -3.36 3.48
8 -.34 -4.35 2.42 -1.67 4.20 1.45
9 1.84 -1.33 1.39 2.50 1.12 .19
Interval SMOOTHED AVERAGE OF EVERY THREE OUT OF FOUR OBSERVATIONS
(difference from group mean dT equivalent)
1-4 .11 .76 -.09 .19 .65 .11
2-5 1.11 .76 -.09 1.07 .65 1.27
1.2.0 3-B .11 -.33 1.99 -.28 .47 -.33
4-7 -.61 1.31 -.09 -.46 -.19 -.65
&-8 .30 -1.33 1.73 -.37 -.28 .36
B-9 .11 -1.79 1.82 -.28 .65 1.71
maximum range: 1.63 2.83 1.91 1.69 .93 2.36 dT equlv.
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RECOMMENDATIONS
a — A four—cores set can be used to estimate the 
average behaviour of a rock-sample under Isothermal 
condItIons.
b — If the movement of one core-sample Is different by 
more than one standard deviation from the average of the 
rock—sample then this observation can be excluded from the 
caIcuI at Ions.
c - If the error about the estimate for a rock sample, 
after the exclusion of the outlier. Is still larger than the 
equivalent of +2° C, It Is assumed to be Inherited from some 
I Itholog lea I variations among the rock-cores.
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APPENDIX 2
PILOT TESTING
1.1 OPTIMUM DURATION OF A TREATMENT CYCLE
The following experiment was designed In order to 
define the optimum duration of a treatment cycle.
Four-core sets from four samples were Immersed In IQ 
percent NaCI solution at 23° C. After 24 hours of treatment 
the length of every core was measured and then the core was 
placed back Into the solution. The observations were 
repeated after every 24 hours of treatment during a week at 
a constant temperature. At the end of the experiment, the 
strain was calculated for each sample and the results were 
converted to dT equivalents (the calculation procedure Is 
outlined In Appendix 1).
The results of this experiment are displayed In Figure 
1.1, where the strain Is plotted against the duration of the 
experiment. It appears that two samples expanded and two 
samples were contracted. The expansive samples have reached 
the maximum Isothermal expansion (equilibrium point) after 
48 hours, after which, no significant change was further 
observed. The contract Ive samples, however, have attained 
their equilibrium point only after 72 hours of treatment.
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Based on these results the optimum duration of a 
treatment cycle was determined to be 72 hours.
 ^arsilhteous lolostone 
■ fine 9Nin!(l limstone
J)iS! Iin!
^ toivs! graiotl lim stm a  
0 p m is  M l,  p a d  liMstoneB
IB BB bT I b 5B 
HUE (h)
IB SB IB
Figure 1.1: Dimensional changes of carbonate rocks
versus duration of treatment.
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1.2 CALORIMETERY EXPERIMENT
The purpose of the following experiment was to
determine qualitatively whether the absorbed water freezes 
at -3°C.
A sealed thermos with a small amount of water at the 
bottom (Just enough to cover a rock-core) was prepared to be 
used as a calorimeter. A thermometer, which was Inserted
through the cap of the thermos, was used to detect the 
temperature variations.
Ten rock-cores were Immersed In fresh water for 24 
hours and then placed In a freezer at -3° C for 24 hours. 
After this period, each sample was placed In the calorimeter 
and the temperature reduction of the water In the
calorimeter at timed Intervals was observed.
The same samples were resaturated and then placed In a 
freezer at -18°C for 24 hours. After this period the samples 
were placed In a freezer at -3°C for a period of three hours 
which was assumed to be sufficient to rise the temperature 
of the rocks to — 3° C. Each sample was then placed In the
calorimeter and the reduction of temperature with time was 
o b s e r v e d .
The average temperature reduction versus time In a 
calorimeter Is displayed In Figure 7.2. It Is apparent that 
melting of an Ice can only be observed after placing the 
saturated rocks at — 18® C for a period of 24 hours.
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Therefore, it Is likely that the absorbed water does not
freeze at C and the water will be supercooled to this
temperature.
These results coincide with the work of Dunn and Hudec 
(1966) who have shown quantitatively that the absorbed water 
supercools before freezing takes place.
*  -Jt i l l i r  21 houK 
1 4  after -1ÎC for 21 loiirs
HUE (riniites)
Figure 1.2: Calorimeter temperature versus time
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APPENDIX 3
1 CALCULATION OF STRAIN - EXAMPLES
Table 1.1 Is a data matrix which displays the lengths of
the rock-cores from sample B .3doI under the different
treatment conditions. Table 1.2 displays the cumulative 
strain at room temperature experienced by these cores. This 
strain was measured using the following formula:
strain - (L2 - LI) / LI (Eq 1.1)
W h e r e :
LI - dry Length of the core.
L2 - length of treated core.
Table 1.3 displays the Incremental thermal strain
experienced by these cores. The strain values were
calculated relative to the length of treated sample at room 
temperature (LI - length of treated sample).
Table 1.4 displays the calculation of the density of the 
cores. To compensate for the volume of the dimples at the 
edges of the cores, the length of the cores was measured 
with a micrometer. The average between this length and the 
length measured with the LVDT was used as the length of the 
sample. This was multiplied by the area of the base of the 
core (r-0.944 cm) to attain the volume, and the dry weight 
was divided by the volume of the core. The average of the
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closest three results was considered to be the density of 
the rock sample.
Table 1.1; Cores length under treatment conditions 
(sample B.3dol)
state: 
treatment : 
temp®C
DRY L 
22
DRY
63
DRY
-18
SATUR. 
fr water 
22
SATUR. SATUR. 
fr water fr water 
-18 -3
B.3.2 68.9922 68.9943 68.9631 68.9781 68.9614 68.9543
B.3.3 62.4350 62.4351 62.4022 62.4184 62.3950 62.3930
B.3.5 53.4021 53.4047 53.3813 53.3934 53.3663 53.3728
B.3.6 56.8400 56.8429 56.8156 56.8315 56.8114 56.8154
state: SATUR. SATUR. SATUR. SATUR. SATLW. SATim.
treatment : NaCI 3% NaCI 3% fr water NaCI 7% NaCI 7% fr water
temple 22 -3 22 22 -3 22
B.3.2 68.9595 68.9468 68.9607 68.9497 68.9463 68.9549
B.3.3 62.3975 62.3845 62.4001 62.3888 62.3829 62.3934
B.3.5 53.3672 53.3554 53.3707 53.3619 53.3598 53.3660
B.3.6 56.8116 56.8083 56.8128 56.8046 56.8073 56.8154
state: SATUR. SATUR. SATUR. SATUR. DRY L MICRON.
treatment : NaCI 10% NaCI 10% fr water STP 3% L mm
temp°C 22 —3 22 22 22
B.3.2 68.9541 69.0129 68.9572 68.9509 68.9519 71.59
B.3.3 62.3917 62.3918 62.3955 62.3883 62.3915 65.37
B.3.5 53.3629 53.3688 53.3685 53.3665 53.3649 56.69
B.3.6 56.8103 56.8120 56.8166 56.8101 56.8112 59.85
Table 1.2: Cumulative strain (dL/L)*1E5 at room temperature.
state : DRY SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. DRY
treatment: fr water NaCI 3% fr water NaCI 7% fr water NaCI 10% fr water STP 3%
temp°C 22 22 22 22 22 22 22 22 22 22
B.3.2 0 -20.4 -47.4 -45.7 • -61.6 -54.1 -55.2 -50.7 -59.9 -58.4
B.3.3 0 * -26.5 -60.1 -55.9 -74.0 -66.6 -69.4 • -63.3 -74.8 -69.7
B.3.5 0 -16.3 * -65.4 • -58.8 -75.3 • -67.7 -73.4 -62.9 -66.7 -69.7
B.3.6 0 -15.0 -50.0 -47.9 -62.3 -43.3 • -52.3 -41.2 • 52.6 • -50.7
average: -17.2 -52.5 -49.8 -70.5 -54.7 -66.0 -51.6 -67.1 -65.9
std dev: 2.9 6.7 5.4 7.2 11.7 9.5 10.9 7.5 6.5
- excluded from group mean
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Table 1.3: Incremental strain (dL/L)*1E5 over a range of temperatures
(sample B.3dol)
state: DRY DRY DRY SATUR. SATUR. SATUR. SATUR. SATUR.
treatment: fr water fr water NaCI 3% NaCI 7% NaCI 10%
temp°C 22 63 -18 -18 -3 -3 -3 -3
B.3.2 0 3.0 -42.2 • -44.6 -54.9 -65.8 -66.5 * -30.0
B.3.3 0 • 0.2 • -52.3 -64.1 -67.3 -80.9 -83.4 -69.2
B.3.5 0 4.9 -38.9 -67.0 -54.9 -87.4 -79.2 -62.4
B.3.6 0 5.1 -42.9 -50.3 • -43.3 • -55.8 • -57.5 -49.3
average: 4.3 -41.4 -60.5 -59.0 -78.0 -76.4 -60.3
std dev: 1.1 2.1 8.9 7.1 11.1 3.8 10.1
- excluded from group mean
Table 1.4: Calculation of density 
(sample B.3dol)
DRY DRY DRY WT DENSITY
(mm) (mm) (g) (g/cc)
core LVDT MICROM.
B.3.2 68.9922 71.59 49.82 • 2.844
B.3.3 62.4350 65.37 45.30 2.645
B.3.5 53.4021 56.69 39.92 2.588
B.3.6 56.8400 59.85 41.63 2.546
AVERAGE 2.593
• - excluded from group mean
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APPENDIX 4
T a b le  1 : C o re s  a b s o r p t io n  ( p e r c e n t  o f  d r y  w t )  a f t e r  t r e a t m e n t
state : SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. SATUR. ORY
treatment fr water NaCI 3% fr water NaCI 7% fr water NaCI 10% fr water STP 3%
temple 20 20 20 20 20 20 20 20 22
expansive
B.larg 1.57 1.53 1.55 1.61 1.55 1.56 1.49 1.49 -.41
C.Sargss 5.17 4.83 4.73 5.19 4.84 5.18 4.75 4.84 -.42
C.Bshale 2.63 2.54 2.50 2.69 2.56 2.69 2.47 2.62 -.18
1.3arg 2.96 3.08 3.03 3.16 3.02 3.16 3.03 3.05 -2.13
average 3.08 3.00 2.95 3.16 2.99 3.15 2.94 3 -.79
stn dev 1.51 1.38 1.33 1.50 1.38 1.51 1.37 1.39 .90
stn err 2.10 1.92 1.85 2.08 1.91 2.10 1.90 1.93 1.25
osmosis sensitive
B.2dol .74 .52 .52 .56 .45 .52 .44 .33 -.74
B.3dol 1.18 1 .84 1.12 .88 1.02 .91 .79 -.23
B.4dol 1.08 .93 .77 1.05 .81 .98 .91 .68 -.22
C.ldol 1.01 .81 .99 1.03 1.05 1.05 .97 .88 -.26
C.2dol .82 .54 .60 .75 .68 .73 .67 .58 -.16
C.3dol 2.17 1.93 2.02 2.15 1.99 2.17 2.06 1.89 .19
D.4SS 1.85 1.40 1.39 1.64 1.36 1.70 1.31 1.34 -.19
P.Idol 2.26 1.99 1.97 2.22 1.87 2.18 1.81 1.71 -.16
H.lImst .23 .24 .21 .25 .25 .26 .26 .15 -.15
1.1Imst .19 .21 .17 .19 .20 .21 .17 .08 -.17
1.4Imst .09 .09 .09 .09 .11 .08 .10 .03 -.11
L.1Imst 1.14 1.20 1.17 1.36 1.01 1.21 1.09 .92 -.26
average 1.06 .91 .90 1.03 .89 1.01 .89 .78 -.21
stn dev .73 .64 .65 .72 .62 .71 .62 .61 .21
stn err .46 .40 .41 .46 .39 .45 .39 .39 .13
osmosis Inactive
A.Idol 1.46 1.32 1.26 1.40 1.27 1.32 1.24 1.09 -.28
C.4dol 5.41 4.86 4.85 5.35 5.01 5.76 4.66 4.41 -.10
D.2dol .84 .77 .86 .86 .79 .90 .72 .75 -.08
D.3dol 2.61 2.24 2.30 2.58 2.34 2.69 2.32 2.18 -.06
E.1Imst .88 .82 .77 .88 .82 .85 .75 .53 — .38
E.2dol 1.59 1.42 1.39 1.56 1.48 1.66 1.45 1.23 -.23
F.2lmst 6.82 5.91 5.88 6.66 5.76 6.71 5.59 5.85 .11
F.3lmst 1.49 1.28 1.22 1.31 1.19 1.36 1.18 1.03 -.26
G.1Imst .34 .35 .35 .38 .34 .37 .31 .17 -.27
H.2 Imst .10 .10 .13 .12 .13 .11 .12 .04 -.19
J.1Imst .23 .23 .25 .25 .14 .16 .23 .19 -.13
J.2lmst .14 .09 .14 .16 .16 .16 .12 .07 -.10
l.2lmst .07 .10 .08 .09 .12 .11 .11 .02 -.16
K.1Imst .31 .30 .34 .32 .19 .27 .32 .24 -.17
M.1Imst 1.90 2.03 1.97 2.03 1.88 2.07 1.89 1.96 -.15
N.lImst .11 .10 .11 .11 .05 .09 .11 .05 -.14
average 1.52 1.37 1.37 1.50 1.35 1.54 1.32 1.24 -.16
stn dev 1.52 1.37 1.37 1.50 1.35 1.54 1.32 1.24 -.16
stn err .81 .73 .73 .81 .73 .82 .71 .66 -.09
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APPENDIX 5
FREEZE THAW MgS04 TEST
SAMPLE (%) LOSS (%) LOSS
expansive
B.larg 5.68 13.26
C.Bargss 6.06 72.38
C.Bshale 22.44 30.92
I.Sarg 40.86 94.58
average 18.76 52.79
stn dev 16.68 37.29
stn err 23.15 23.15
osmosis sensitive
B.2dol .14 2.67
B.Sdol .02 1.88
B.Adol .02 .89
C.ldol 4.42 2.48
C.2dol .07 1.99
C.Sdol .28 4.74
D.4ss 1.96 42.85
P.Idol 2.97 3.73
H.lImst 3.72 3.31
1.1Imst 3.97 4.85
l.4lmst 3.61 5.99
L.1Imst .44 8.54
average 1.80 1.80
stn dev 1.81 1.81
stn err 1.15 1.15
somosis Inactive
A.idol .10 1.92
C.4dol 1.23 .55
D.2dol 1.12 6.95
D.3dol 1.70 1.57
E.1Imst 1.47 2.49
E.2dol .20 4.60
P.2lmst .09 1.04
P.3lmst .03 2.78
6.1Imst 8.91 4.42
H.2lmst 1.06 3.53
J.1Imst 1.74 4.36
J.2lmst 2.17 5.84
l.2lmst 2.86 8.56
K.1Imst 11.94 5.26
M.1Imst .62 6.25
N.lImst 7.95 6.99
average 2.70 2.70
stn dev 3.60 3.60
stn err 1.93 1.93
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SORPTION CHARACTERISTICS
adsorp absorp absorp % adsorb % absorb % air
98% R.H surf-dry boll-vac
(% wt) (% wt) (% wt) - 100% --
expansive
B.larg .501 2.05 2.17 23.09 71.38 5.53
C.Sargss .405 4.52 4.59 8.82 89.65 1.53
C.Bshale .657 3.26 2.95 20.15 79.85 0
1.3arg 1.676 3.47 3.69 45.42 48.62 5.96
average .81 3.33 3.35 24.37 72.37 3.25
stn dev .59 1.01 1.03 15.32 17.51 2.95
stn err .81 1.41 1.43 21.27 24.30 4.09
osmosis sensitive
B.2dol .113 .83 1.21 9.34 59.26 31.40
B.3dol .010 1.84 3.18 .31 57.55 42.14
B.4dol 0 1.33 2.51 0 52.99 47.01
C.ldol .202 1.29 1.25 15.66 84.34 0
C.2dol .330 .83 1.03 32.04 48.54 19.42
C.3dol .670 1.95 2.44 27.46 52.46 20.08
D.4SS .033 2.54 3.11 1.06 80.61 18.33
F.ldol .023 2.53 2.96 .78 84.70 14.53
H.lImst .053 .94 .85 5.64 94.36 0
1.1Imst .120 .49 .66 18.18 56.06 25.76
l.4lmst .096 .41 .71 13.52 44.23 42.25
L.1Imst .023 1.66 1.88 1.22 87.07 11.70
average .14 1.39 1.82 10.43 66.85 22.72
stn dev .19 .73 .98 11.10 17.80 15.64
stn err .12 .46 .62 7.05 11.31 9.94
somosis Inactive
A.idol .130 1.64 2.31 5.63 65.37 29.00
C.4dol .130 5.18 5.83 2.23 86.62 11.15
D.2dol .033 1.14 1.13 2.89 97.11 0
D.3dol .033 2.82 3.02 1.09 92.28 6.62
E.llmst .007 1.15 1 .61 99.39 0
E.2dol .013 2.06 2.17 .60 94.33 5.07
F.2lmst .013 6.27 8.33 .16 75.11 24.73
F.3Imst .073 1.80 1.83 3.99 94.37 1.64
G.1Imst .058 .63 .88 6.63 64.97 28.41
H.2lmst .244 .65 .84 29.05 48.33 22.62
J.llmst .191 .46 .43 41.52 58.48 0
J.2lmst .169 1.44 .54 11.74 88.26 0
l.2lmst .236 .48 .44 49.17 50.83 0
K.1Imst .196 .91 .67 21.54 78.46 0
M.1Imst .010 2.38 2.54 .39 93.31 6.30
N.lImst .056 .50 .49 11.20 88.80 0
average .10 1.84 2.03 11.78 79.75 8.47
stn dev .09 1.68 2.19 15.49 17.09 11.13
stn err .05 .90 1.17 8.31 5.97 5.89
139-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX 6 
SAMPLES DESCRIPTION 
LOCATION SAMPLE
A.Idol •
Dolostone, Goat Island Member,
Lockport Formation, light buff, 
massive and even bedded, medium 
grained, crystalline, some
sty IoI y t e s , Intercrystal pores.
King City and Crushed Stone L t d . Just 
east of Hwy. no. 6 at Clapp I son Cut 
(next to D u n d a s ) .
B .larg
Dolostone, Decew Formation, medium 
dark grey, argillaceous, aphanltic, 
easily weathered, fine crystalline, 
5% quartz and feldspar.
B.2dol
Dolostone, Gasport Formation, light 
grey, medium-bedded, medium
crystalline, ghosts of fossils,
wackestone, biogenic dolostone.
Intercrystal pores, bruclte.
B.Sdol
Dolostone, Lower Gasport Formation, 
light grey ,medIum-bedded, medium 
crystalline, sty IoI y t e s , ghosts of
fossils, wackestone, biogenic
do Iostone.
B.4dol •
Dolostone, Upper Gasport Formation, 
light buff to brown, medium-bedded, 
medium crystalline. Intercrystal and 
vug pores.
Vineland Quarries and Crushed Stone 
L t d . Quarry located near the edge of 
the Niagara escarpment south of 
VI ne I a n d .
C.Idol 
Do Iostone, 
dark grey.
Bert I e-Akron Formation, 
aphanltic, fissile, very
fine crystalline.
* See photo In Appendix 11 — 140—
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C.2dol
Dolostone, Bert I e-Akron Formation,
light brown to g r e y , mottled, 
massive bedded, fine crystalline.
C.Sdol
Dolostone, Bert I e-Akron Formation,
medium to light brown, laminated, 
medium grained, a I Iochem ghosts,
IntracIastIc dolostone, sty IoI y t e s , 
b r u c I t e .
C.4dol *
Dolostone, Bert I e-Akron Formation,
medium to light brown, aphanltic, 
medium-bedded, fine crystalline. 
Intercrystal and vug pores.
C.Sargss
Sandstone, Bo Is-BIanc Formation, 
grey with white patches of sand and 
chert, medium grained, argillaceous, 
glauconite In matrix.
C.6shaIe
Shale, Bo Is-BIanc Formation, pale 
green, aphanltic, medium bedded, 
anhedraI dolomite rhombs, 5% quartz 
and feldspar, argillaceous matrix, 
g IauconI te.
DunnvI I Ie Quarries Ltd. Just south 
of Byng, lot 17, concession I.
D.2dol
Dolostone, Bert I e-Akron Formation, 
medium brown, fine grained to
aphanltic. Irregular bedding, fine 
crystalline, pyrite.
D.Sdol *
Dolostone, Bert I e-Akron Formation, 
medium light brown, laminated
aphanltic to fine grained, medium to 
thin bedded, very fine crystalline.
D . 4ss
Sandstone, Upper Bert I e-Akron
Formation, light brown, arenltic, 
medium to coarse grained, 5%
feIdspar.
* See photo. In Appendix 11. — 141—
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d Cayuga Quarries L t d . . located north
of Hwy. no. 3, 5.5 km west of
Cayuga.
E .1Imst
Limestone, Detroit River Limestone, 
light brown to buff, medium to fine 
grained, fossI I Iferous, wackestone, 
blomlcrI te.
E.2lmst
Limestone, Detroit River LImstone, 
light brown to buff, medium-
grained, fossI I Iferous, wackestone, 
bIosparrudI t e .
e Gypsum, Lime & AI bast I ne Ltd.
located on the north side of Hwy. 
no. 2, 1.5 km southwest of
Beachvilie.
F.Idol
Dolostone, Lucas Formation, light 
grey to buff, medium grained to
aphanltic, porous, medium
crystalline. Intercrystal pores.
F.2dol
Dolostone, Lucas Formation, medium 
brown, aphanltic, black shaly 
bI tom I nous lamination, fine
crystaI I I ne.
F .3Imst
Limestone, Lucas Formation, medium 
brown, aphanltic, dark lamination, 
packstone, blosparlte, sty IoI y t e s .
f Amherst Quarries L t d . , located on
the south side of Pike road, 1.5 km 
east of Amherstburg.
G .1Imst
Limestone, Upper Black River 
Formation, g r e y , fine grained to 
aphanltic, thin bedded, wackestone, 
blomlcrI te.
g Story Q u a r r y , located on the scarp
Just north of Napanee and east side 
of Napanee river.
* See photo In Appendix 11. -142-
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H .1Imst
Limestone, Black River Formation, 
medium dark grey, aphanltic, thin 
bedded shaly parting, mudstone, 
bIomIor I t e .
H .2Imst
Limestone, Black River Formation, 
medium dark brownish g r e y , fine 
grained, calclte crystals,
wackestone, IntrasparrudI te,
a I lochems made of mudstone.
Frontenac Quarry (not In operation), 
located on the east side of 
Division road In KIngstone Just 
south of Hwy. no. 401.
I.1Imst *
Limestone, Middle Black River 
Formation, medium dark grey 
aphanltic, mIcroI am InatI o n ,
mudstone, micrlte, sty IoI y t e s .
I.2Imst
Limestone, Middle Black River
Formation, aphanltic, laminated, 
mudstone, micrlte.
I .3arg *
Dolostone, lower Black River
Formation, greenish, fine grained,
argillaceous, anhedraI dolomite 
rhombs, 5% quartz, glauconite, 
pyrI t e .
I.4Imst
Limestone, Lower Black River
Formation, medium dark brownish 
grey, fine grained, mudstone, 
bIomI or I t e .
McGinnis & O 'Connor L t d . , located 
In Pittsburgh township, on the west 
side of Hwy no. 15 south of Hwy. no. 
401 .
J . 1 Imst
Limestone, Black River Formation, 
brownish grey, aphanltic, calclte 
crystals, wackestone, blomlcrI te.
See photo In Appendix 11. — 143—
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J .2Imst *
Limestone, Black River Formation, 
medium dark grey, medium grained, 
sty IoI y t e s , shaly parting,
wackestone, oosparlte.
W. J. McKendry & Sons L t d . , located 
on the west side of Division Street, 
5 km north of H w y . no. 401.
K . 1 Imst
Limestone, Middle Black River, 
medium dark g r e y , medium to fine 
grained, medium-bedded, shaly
parting, wackestone, peI IemI or I t e .
DIbbIs Kingston Quarry Ltd. located 
1 .5 km southwest of Westbrook near 
the west boundaries of Kingston 
townshIp.
L .1Imst
Limestone, Black River limestone, 
light brown, medium grained, 
wackestone, blomlcrI te.
=•* I Gypsum, Lime & AI bast I ne L t d . ,
located on the north side of Hwy. 
no. 2, 1.5 km southwest of
BeachvI I le.
M. 1 Imst
Limestone, Lucas Formation, very 
light brown, medium crystalline, 
wakestone, blomlcrlte. Intercrystal 
and vug pores.
Allied Chemicals Amherstberg L t d . , 
located on the south side of Pike 
road, 1.5 km east of Amherstburg.
N . 1 Imst *
Limestone, Black River Formation, 
medium dark brownish grey, coarse 
grained, shaly parting, wackestone, 
bIosparrudI te.
Lake Ontar I o Portland Cement
C o m p a n y ., located at Picton Just 
south of Hwy. no. 401.
collected by Dr. P.P. Hudec. 144
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APPENDIX 7 
PHOTOMICROGRAPHS
The photomicrographs In this Appendix display some of 
the common rock textures In the collection of this study. 
The Figures are arranged In a descending order of crystal 
size. The grain size value defines the relative position on 
a scale from 0.3 to 4.5.
Figure 1: Sample N.llmst — limestone,
wackestone, grain size = 3.5.
bIosparrudI te.
0 .2 mm
—  145—
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2: Sample B.4dol — biogenic dolostone, medium
crystalline. Intercrystal pores, grain size = 3.5
(cross p o I a r s ) .
r
'sS3
Figure 3: Sample J .2Imst — limestone, oosparlte,
wackestone, grain size = 3.3.
-146-
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Figure 4 : Sample A.Idol - medium crystalline dolostone, 
graIn sIze = 3.
Figure 6: Sample
anhedraI dolomite 
matrix, grain size
I.3arg - argillaceous dolostone, 
rhombs and quartz In argiIlaceous 
< 1 .6 .
-147-
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Figure 6: Sample C.4dol — fine crystalline dolostone.
Intercrystal and vug pores, grain size = 1.
m m .
m & m i
mm
- very fine crystallineFigure 7 
do Iostone
Sample D.3dol 
gra In s I ze «= 0.8.
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P i l i P
Figure 8: Sample 1.1Imst - limestone, micrlte,
mudstone, grain size = 0.3.
-149-
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APPENDIX 8 
STRAIN HISTORY
The following graphs display the strain history of 
every sample versus the treatment conditions. The figures 
are arranged In alphabetical order.
A square point on a graph represents a reading. The 
line Joining the points combines 17 readings all together. A 
legend for the treatment numbers along the abscissa Is given 
In Table 1. The strain values on the ordinate are dL/L*1E5.
Table 1: Legend for strain history
condition treatment temperature 
*C
treatment
#
dry 22 0
dry 63 1
dry -18 1
- - f.water 20 2
f.water -18 2
f.water -3 2
3% Nad 20 3
surface 3% Nad -3 3
dry f.water 20 4
aturated 7% Nad 20 5
7Ï Nad -3 5
f.water 20 6
10% Nad 20 7
10% Nad -3 7
f.water 20 8
- - 3% SIP 20 9
dry 22 10
— 1 50“
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